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Abstract 
Since the discovery of catalyst-transfer polymerization in 2004 there has been significant 
research into expanding the scope from Kumada couplings of poly-thiophenes mediated 
by nickel initiators. This thesis presents an investigation toward the synthesis of 
π-conjugated polymers by the elusive pseudo-living polymerization of chloroarene 
monomers. 
Chapter 1 sets the scene with an in-depth review of chain-growth polymerizations 
mediated by palladium catalysts. In chapter 2, we report the first examples of exhaustive 





Negishi coupling mediated by PEPPSI-IPr. These experiments demonstrated 
intramolecular transfer of the active catalyst which is essential for catalyst-transfer 
polymerization.  
Chapter 3 describes the synthesis of the highly active PEPPSI-IPent precatalyst from 
cheap commercially available starting materials with minimal purification. Subsequently 
in chapter 4, it was demonstrated that PEPPSI-IPent undergoes exhaustive substitution of 




 Kumada, Negishi 
and Suzuki cross-couplings.  
In chapter 5, optimization of current Kumada polymerization of bromo phenylene-based 
monomer mediated by PEPPSI-IPr is described. Direct comparison of model reactions 
and Kumada polycondensation confirmed high selectivity for exhaustive substitution is 
required to achieve polycondensation in a chain-growth manner. Initial research into 
catalyst-transfer polycondensation of chloroarene monomers did not achieve 
polymerization in a chain-growth manner using modified conditions from bromoarene 
monomers.   
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1.1 Polymers 
Polymers are large molecules that consist of repeating units, called monomers.  Their 
existence was first recognised in 1832 by Berzelius upon the discovery of compounds 
with the same proportionate composition but a different number of constituent atoms. 
Polymers include a broad range of macromolecules from biopolymers, such as DNA and 
proteins essential for life, to synthetic organic polymers such as Nylon and Kevlar which 
are used as functional materials.
1,2
 
Over the past century synthetic organic polymers have transformed the world we live in: 
they are used in everyday life by almost everyone on the planet. Their emergence has 
been driven by the economics and natural resources becoming scarcer and the discovery 
of oil for cheap starting materials. To put the importance of synthetic polymers into 
perspective there were 288 million tonnes of plastics produced worldwide in 2012 alone. 
The functional physical properties of polymers arise from their macromolecular structure 
which monomers and short oligomers do not possess.
3
  
Synthetic organic polymers have not just replaced old materials but have led to 
advancements in a wide range of fields, from aerospace
4
 to medical applications.
5,6
 These 
novel technologies arose from improved materials, synthesized from new substrates or 
synthetic methods.  
1.2 Statistical terms 
There are numerous methods to synthesize polymeric materials with most 
polymerizations resulting in a molecular weight distribution, where not all polymer chains 
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have the same number of repeating units. Polymers of the same monomer but a different 
number of repeating units can have very different physical properties. 
Instead of reporting the highest and lowest number of repeating units, statistical averages 
are used to report the molecular mass of the polymer sample. For this data the distribution 
of polymer chain lengths is calculated. The degree of polymerization (X) is used to 
describe the number of repeating units (n) in a polymer chain.  
The number average molecular mass (M) and the mass average (M) are used to 
calculate the average molecular weight and mass distribution of polymer chain lengths, 
where Ni is the number of molecules with i repeating units and Mi is the molecular weight 
of the repeating unit (Figure 1, Eq. 1 and 2). The distribution of polymer chain lengths is 
quantified by the polydispersity index (PDI, Figure 1, Eq. 3). If all polymer chains are the 
same length then M/M= 1.0 and the number increases the broader the distribution of 
polymer chain lengths.  
Figure 1. Statistical molecular weight of polymer samples and relative dispersity 
M =  
∑ N	 x M	
∑ N	
   Eq.  1        M =  
∑ N	 x M	

∑ N	  x M	
    Eq.  2     PDI =
M
M
   Eq. 3   
There are various methods of measuring both M and M, such as end group analysis, 
light scattering, sedimentation, viscosity and ultracentrifugation. The most convenient 
method for obtaining both Mn and M is using high performance gel permeation 
chromatography. This method uses size exclusion chromatography to separate polymer 
chains of different length and compares them to a standard. The standard is preferably 
monodisperse polymer chains of similar polymer architectures. The larger polymer chains 
have the weakest interaction with the solid phase and elute first, detected using an 
ultraviolet light or refractive index detector. The chromatogram is analysed in reference 
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1.3 Synthetic methods 
Typically, polymers in nature are synthesized by condensation polymerization where 
monomers are added to the end of a growing polymer chain, all stopping at an exact 
length, for example DNA synthesis mediated by DNA polymerase. The synthesis is 




The synthesis of organic polymers is divided into two distinct methods: step- and 
chain-growth polymerizations. 
1.3.1 Step growth polymerizations 
Step growth polymerizations are typically condensation reactions where monomers are 
covalently linked, for example by ester, amide and carbonate linkages. In step growth 
polymerizations there is only one reaction mechanism for polymer formation. Any 
monomer, oligomer or polymer present can react to grow a polymer chain.  
Step growth polymerization of linear polymers can occur in two ways. Either from a 
monomer with both functional groups needed for polymerization at either end of a 
monomer (AB monomer), or with two different monomers with the same functional 
group needed for polymerization at both ends of the monomer (AA and BB monomers).
8
 
For example, Nylon 6 is synthesized by polycondensation of a monomer with both amine 
and acid functional groups (AB polymerization, Scheme 1, i). Whereas, Nylon 6,6 is 
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synthesized by polycondensation of diacid (AA) and diamine (BB) monomers (AABB 
polymerization, Scheme 1, ii).
2
  
Scheme 1. Step growth polymerization of Nylon 6,6 and Nylon 6. 
 
First described by Carothers and Flory,
9–11
 the assumption that the functional groups of a 
monomer and polymer show the same reactivity means that the synthesis of high 
molecular weight polymers requires excellent conversion. For example, a degree of 
polymerization (X) of 100 repeating units cannot be obtained unless the reaction exceeds 
a 99% conversion to polymer (p = 0.99, Figure 2).  




 where  =  
number of functional groups that have reacted
number of functional groups orginially present
 






=  1 +  = 1.99 
Step growth polymerization methods result in a wide distribution of polymer lengths. 
Even at 99% conversion to polymer (p = 0.99) the PDI cannot be lower than 1.99. The 
distribution of polymer chain lengths is shown in Graph 1.  
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Graph 1. Distribution of polymer chain length with regard to conversion to polymer (p)  
 
 
The statistical distributions described for AABB polymerizations are true only if both 
monomers are in an exact 1:1 ratio. A small excess of one monomer over the other 
reduces the maximum possible degree of polymerization dramatically. As little as 2% 
excess of one monomer limits the maximum possible degree of polymerization from 
infinity to 49 repeating units.
12
 
Despite the uncontrolled nature of step growth polymerizations it has led to the synthesis 
of many import materials produced on multi-tonne scale and used worldwide, such as 
Nylon and Kevlar. 
1.3.2 Chain growth polymerizations 
Unlike step growth polymerizations there is more than one mechanism involved in chain 
growth polymerizations. There are four possible stages of polymerization: initiation, 
propagation, chain transfer and termination.  
The initiation step generates a reactive species; this is followed by propagation where 
monomers sequentially extend a long polymer chain whilst retaining its reactive end 




Number of repeating units 
Conversion 
to polymer (p) 
Xn = 20     PDI = 1.95 
Xn = 40     PDI = 1.975 
Xn = 100   PDI = 1.99 
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group. Subsequently the growing polymer chain undergoes chain transfer and/or 
termination, where the reactive end group is deactivated. 
There are six main types of chain growth polymerization: radical, anionic, cationic, 
coordination, chain growth polycondensation and catalyst transfer polycondensation. 
1.3.2.1 Radical chain growth polymerizations 
1.3.2.1.1 Uncontrolled radical polymerization 
Radical polymerizations form long polymer chains quickly as the rate of propagation is 
much faster than the rate of initiation and termination. In this short period of time a 
polymer chain will typically grow to 1000 repeating units, much higher than can feasibly 
be achieved via a step growth mechanism.   
These steps are shown in the simplified synthesis of polyethylene from a benzoyl 
peroxide initiator (Scheme 2). The initiating radical, which is formed by the homolytic 
cleavage of the peroxide bond by heat or UV light, attacks the ethene monomer 
converting the C=C double bond into a single bond with the radical at the terminus. This 
radical attacks a further ethylene monomer and the process is repeated (propagation). This 
continues chain growth until termination by combination or disproportionation.  
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Scheme 2. Radical polymerization of polyethylene. 
 
This type of radical polymerization results in a broad molecular weight distribution 
because of the uncontrolled nature of initiator formation and termination of growing 
polymer chains. 
1.3.2.1.2 Controlled radical polymerization 
Advancements in the field of radical polymerization have led to greater control of the 
polymer chain growth, resulting in a narrower distribution of chain lengths (M/M < 
1.5). Controlled radical polymerization systems that have been developed are stable free 
radical polymerization (SFRP),
13
 atom transfer radical polymerization (ATRP)
14
 and 
reversible addition-fragmentation chain transfer polymerization (RAFT).
15
 Their control 
comes from creating a very low steady state concentration of radicals to reduce radical-
radical interactions and therefore the rate of termination and other side reactions.  
For example, ATRP exploits reversible halogen exchange between the propagating 
polymer radicals and an inorganic catalyst, typically a transition metal complex. This 
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equilibrium generates a low steady-state concentration of radical to help suppress the 
unwanted pathway of irreversible termination. The most commonly applied catalysts are 
Cu(I)X salts with bidentate or tridentate nitrogen ligands. The organo-halide initiator 
molecule undergoes homolytic cleavage of a carbon-halogen bond to generate a radical 
and a Cu(II)X2 complex. This reaction is under equilibrium with the rate of radical 
formation (ka) smaller than the rate of radical deactivation (kd). 
Figure 3. Mechanism for ATRP polymerization 
 
This type of controlled polymerization yields a narrow distribution of molecular weight as 
well as the ability to influence the length of polymer chains by managing the 
concentration of monomer relative to initiator (feed ratio). The use of alkyl halides as 
initiators has created functional end groups on a polymer chain for the synthesis of 
copolymers and post synthetic polymer functionalization. 
1.3.3 Living polymerization 
In 1956 Szwarc
16
 coined the term ‘living polymerization’ as one that remained active 
until killed, essentially a system where initiation and propagation are the only two 
mechanistic steps involved in polymer growth.  
Living polymerizations allow the control over molecular weight of the polymer with a 
narrow distribution of polymer chain lengths and allow the synthesis of different 
architectures such as block copolymers. As the end of a polymer chain is still active until 
termination, end functionalization of the polymer is possible.  
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Well behaved living polymerizations only need an initiator and monomer; however, the 
employment of catalysts and chain-end stabilizers is not uncommon. The initiation step 
must be faster than or equal to the rate of chain propagation to control the molecular 
weight and ensure a narrow PDI. 
1.3.3.1 Ionic polymerizations 
The first living polymerization that led to the synthesis of well defined polymers was by 
Szwarc
16
 using anionic intermediates. In contrast to radical polymerization, electrostatic 
repulsion prevents a combination of two cationic or two anionic growing polymer chains. 
In the absence of a terminating agent, chain growth polymerization continues until all the 
monomer units are consumed. This allows the addition of another monomer to synthesize 
a block copolymer.  
Scheme 3. Living polymerization of ethane to polyethane using butyl lithium initiator 
 
Although a great deal of control of the polymer length and distribution can be achieved, 
ionic polymerizations need demanding conditions for living conditions to occur. A small 
amount of air or water can result in unwanted termination steps affecting the polymer 
length and distribution of molecular weight. Unfortunately, this technique for controlling 
polymer synthesis has a limited scope in terms of polymer architectures. 
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1.3.3.2 Chain growth polycondensation  
The statistical distributions associated with step growth polycondensations occur under 
the assumption that the reactivity of the monomer and polymer chains is identical. 
However, some polycondensations do not follow this rule and, similar to ionic 





 demonstrated chain growth polycondensation of trifluoromethylated 
phenylene oxide monomer 1 initiated by nitrobenzene 2 (Scheme 4). The alkoxy anion 
donates electron density to the electrophilic fluorine through the aromatic ring, which 
deactivates it. The addition of initiator 2 to a much more reactive electrophile leads to the 
formation of 3. Subsequently the fluoride on 3 increases in reactivity, due to the absence 
of an electron donating alkoxy anion and the polymer chain grows in a controlled manner.  
Scheme 4. Chain growth polycondensation of monomer 1 initiated by 2 
 
Without the initiator the polycondensation proceeded in a step-growth manner (Mn = 
2000 Da, PDI = 2.0). The addition of the initiator 2 changed the polymerization to a 
chain-growth polycondensation showing a linear increase in molecular weight with 
respect to conversion.  
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1.3.3.3 Coordination polymerization 
Coordination polymerizations were first developed in the 1950s by Ziegler and Natta who 
later won the Nobel Prize for chemistry in 1963. Using transition metal compounds 
(mainly Ti, Zr and V) 1-alkene monomers were polymerized via the Cossee-Arlman 
mechanism where an intermediate coordination complex contains the alkene monomer 




Scheme 5. Example of the Cossee-Arlman mechanism for ethene polymerization by a Zeigler-Natta 
catalyst 
 
Another type of coordination polymerization is ring-opening metathesis polymerization 
(ROMP). ROMP converts strained cyclic monomers into linear polymers catalysed by 
metal alkylidene complexes. The polymerization proceeds in a living manner with the 
catalyst situated at the end of the growing polymer chain. After fast initiation relative to 
propagation, the cyclic monomer is added to the end of each growing polymer chain until 
consumed or the polymerization is quenched (Scheme 6).
21
  
Scheme 6. Mechanism of ROMP21 
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In the absence of chain-transfer reactions and fast initiation of the catalyst, great control 
over the polymer length can be achieved with a narrow distribution of molecular weight 
(PDI <1.1). Norbonene derivative 4 was successfully polymerized to yield the linear 
polymer with a long chain length (Mn = 131.5 kDa) and a narrow distribution of 
molecular weight (PDI = 1.06) under mild reaction conditions (Scheme 7).
22
 
Scheme 7. ROMP of Norbonene 422 
 
1.4 π-Conjugated polymers 
The majority of organic polymers, such as polypropylene or polystyrene, are insulators 
and do not conduct electricity or posses optical properties. Organic polymers that posses a 
delocalised π-orbital overlap along the polymer backbone are called π-conjugated 
polymers (Figure 4). They have the ability to conduct electricity acting as one-
dimensional semiconductors and can interact with light. These characteristics arise from 
the energy band gap between the highest occupied molecular π orbital (HOMO) and the 
lowest unoccupied molecular π orbital (LUMO) which varies between 1.5 eV and 3eV. 
Like most silicon and inorganic semi-conductors this energy gap is in the range of visible 
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Figure 4: (i) Chemical structure of polyphenylene vinylene; (ii) π electron clouds above and below the 
carbon backbone. 
 
The first conjugated polymers were unstable under atmospheric conditions. However, 
over the years chemical modifications have helped with stabilisation and their 
processibility for applications in electronic devices. 
π-Conjugated polymers are used in organic light emitting diodes (OLEDs), organic field 
effect transistors (OFETs), solar cells and even chemo- and bio-sensing devices. 
π-Conjugated polymers are alternatives to commonly used inorganic electronic materials. 




Another desirable property that conjugated polymers have compared to their inorganic 
equivalents is that they are lightweight and flexible. This creates the potential for the 
creation of electrical devices not possible from inorganic materials.
28
 
Figure 5. Examples showing the flexibility of polymer OLED29,30 
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Over the years there has been a significant number of monomer units employed in the 
synthesis of polymers capable of expressing conductive or optical properties. The 
functional groups that have received most attention are thiophenes, phenylenes, fluorenes, 
carbazoles, benzothiazoles, naphthalenes (either as homo- or co-polymers) and graphene 
(Figure 6). 





1.4.1 Selected applications of conjugated polymers 
In 2007, Leclerc and co-workers
32 
constructed a photovoltaic cell based on the polymer 
poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PCDTBT) blended with [6,6]-phenyl-C61 butyric acid methyl ester 
(PC61BM) (Figure 7). The resulting solar cell had a power conversion efficiency of 3.6%, 
which was later improved to 6% by replacing PC61BM with PC71BM.
33
 The most efficient 
organic solar cell has reached 10.6% PCE;
34
 however this is some way off the world 
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Poly(3,4-ethylenedioxythiophene) (PEDOT) is mixed with poly(styrenesultonate) (PSS) 
to form a macromolecular salt, used to create an antistatic layer for photographic films. It 
is a p-type polymer which undergoes partial oxidation, depopulating the HOMO to form a 




Figure 8. Macromolecular salt PEDOT:PSS 
 
1.4.2 Synthesis of conjugated polymers 
A key challenge in tailoring the properties of π-conjugated polymers is to control their 
detailed structure, in particular their molecular weight and polydispersity. However, 
transition metal-mediated cross-coupling reactions, the method of choice for the 
formation of the key Ar-Ar bond, typically result in step-growth polycondensations as the 
growing polymer chain and the catalyst do not remain associated throughout the catalytic 
cycle (Scheme 8, pathway i), leading to poor control of these important parameters.
27,37
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Scheme 8. i) Step-growth and ii) chain-growth mechanisms of transition metal polycondensations 
 
The ability of a transition metal catalyst to undergo oxidative addition to the C-X bond of 
the growing chain, after reductive elimination, faster than the catalyst and the nascent 
polymer separate (Scheme 8, pathway ii) leads to a chain growth mechanism and thus 
greater control over molecular weight and polydispersity. The pseudo-living nature of 
these systems also allows for the synthesis of conjugated homo- and block-copolymers.  
1.4.3.1 Discovery of catalyst transfer polycondensation 





 in 2004 using a NiCl2(dppp) to mediate the synthesis of poly(3-
alkylthiophene)s P1 from an AB monomer 6. 
Scheme 9. Catalyst transfer polycondensation of thiophene-based monomer 639 
 
Both reports achieved high molecular weight polymers with a narrow distribution of 
molecular weight. They demonstrated a linear relationship between the conversion of the 
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monomer and the Mn showing the polymer chains growing at an equal rate. Also, the PDI 
appeared independent of the conversion. 
Control over the polymer length was achieved by varying the feed ratio 
([Monomer]/[Catalyst]), with a linear change in Mn. The ability to control the feed ratio 
allowed for specific polymer lengths to be obtained, which was not easily obtainable for 
step-growth methods. Again, the distribution of molecular weight did not change when 
the feed ratio was varied. 
1.4.3.2 Model reactions to identify intramolecular oxidative addition 
McCullough and co-workers were the first to use model reactions to investigate the 
ability of a catalyst for chain-transfer polycondensation.
38
 Using two equivalents of 
dibromothiophene relative to Grignard and organozinc coupling partners, excellent 
chemoselectivity was observed for di- over mono-substitution (Table 1). The excellent 
selectivity for 9 over 8 was suspected to be a result of intramolecular oxidative addition 
of the regenerated Ni(0) catalyst to the other C-Br bond on the same molecule.  
Table 1. Model couplings of dibromothiophene 7 with different organometallics38 
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These model reactions helped support the proposed mechanism for catalyst transfer 
polycondensation whereby by the regenerated Ni(0) catalyst formed an ‘associative pair’ 
immediately after reductive elimination. This association pair enabled propagation of a 
single polymer chain as opposed to chain transfer of the catalyst to a different monomer 
of polymer chain. 
1.4.3.3 Mechanism of catalyst transfer polymerization 
After significant research there is not a definitive mechanism for the catalyst transfer 
polycondensation mediated by nickel-bidentate phosphine catalyst system. Both the 











 provide compelling evidence the associative complex 
is a π-complex of nickel to the end of the growing polymer chain directing intramolecular 
oxidative addition. 
The nickel catalyst acts as an initiator, where two equivalents of the monomer are 
consumed to form an ‘association pair’ between the nickel catalyst and start of the 
growing polymer chain (Scheme 10, i-ii). The Ni undergoes intramolecular oxidative 
addition to one of the two C-Br bonds (Scheme 10, iii), before transmetallation with a 
new monomer and reductive elimination, leading to the nickel again becoming 
coordinated to the aromatic system (Scheme 10, iv-v). This process repeats until all the 
monomer is consumed and the nickel is trapped at the end of the polymer chain before 
being cleaved with a strong acid (Scheme 10, vi-viii). 
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Scheme 10. Mechanism for catalyst transfer polymerization proposed by McCullough and co-workers 
 
1.4.3.4 Examples of Nickel Mediated Catalyst Transfer Polymerization 
Catalyst transfer polymerizations were not limited to thiophene type monomers. 
Monomers with phenylene, fluorene, pyrrole, selenophene and other monomers showed 
polymerizations in a chain growth manner (Scheme 11).  
All examples shown in Scheme 11 were synthesized with a low catalyst loading and 
preceded in a chain-growth manner. Block copolymers could be synthesized by taking 
advantage of the pseudo-living nature of the polymerizations, examples in Scheme 12. 
Typically the molecular weight of block copolymers was lower and distribution of 
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Scheme 11. Scope of nickel mediated chain-growth polycondensations48–54 
 
Scheme 12. Examples of block co-polymerizations mediated by nickel catalysts50,55 
 
All the examples above were synthesized from the dehalogenative polycondensation of 
Grignard monomers with C-Br or C-I bonds. Mori and co-workers demonstrated the 
significantly more atom efficient dehydrochlorinative polycondensation of thiophene 
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monomer 10 (Scheme 13).
56
 Grignard formation with the Knochel-Hauser base and 
subsequent polymerization mediated by a nickel catalyst bearing an N-heterocyclic 
(NHC) ligand preceded in a chain-growth manner.  
Scheme 13. Polycondensation of thiophene monomer 1056 
 
Although the PDI was higher than that of previous polycondensations, this example 
shows a significant step toward the synthesis of conjugated polymers from cheap starting 
materials. Mori and co-workers showed this approach to work for the Murahashi coupling 
with lower Mn and higher PDI (Scheme 14).
57
 
Scheme 14. Murahashi coupling of thiophene monomer 1057 
  
1.4.3.3 Scope and limitations of Nickel mediated chain transfer polymerization 
The degree of control for thiophene-based monomers is very high for Nickel mediated 
chain transfer polymerisations, but could still benefit from further improvements when 
more complex monomers or initiators are to be used. Nickel initiators have yet to exhibit 
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1.4.4 Palladium and chain growth polymerization 
As with the C-C bond formation of aromatics catalysed by Nickel, there are other 
transition metals that can catalyse such transformations, preeminent among these is 
palladium. 
1.4.4.1 Model reactions to identify intramolecular oxidative addition with transition 
metal catalysts 
First used by McCullough and co-workers
38
 model reactions can be use to investigate the 
ability of a catalyst for chain-transfer polycondensation (Table 1). 
The model reaction consists of a cross-coupling between one or more equivalents an 
aromatic compound with two carbon-halogen (C-X) bonds (Table 2, B) and one 
equivalent of organometallic (Table 2, A). Assuming a 100% conversion of the 
organometallic A there are two possible products, mono-coupled (Table 2, C) or di-
coupled (Table 2, D).  
Table 2. Simplified model reactions outcomes 
 
In a simplified model, we would expect a mixture of mono-coupled (C) and di-coupled 
(D) products favouring the mono-coupled product (C). At the start of the reaction the 
transition metal catalyst E is expected to undergo oxidative addition with another dihalide 
B molecule, because there is a greater concentration of dihalide B relative to that of the 
mono-coupled product (C). Also, the dihalide B is typically more reactive than the mono-
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coupled product (C) due to electronic and/or steric effects of replacing an electron 
withdrawing bromide group with a more electron rich alkyl or aryl group (R). 
Excellent selectivity for the di-coupled product (D) can be achieved by intramolecular 
oxidative addition of the regenerated transition metal catalyst (E) to the other C-X bond 
on the same molecule.  
For example, to achieve di-substituted product selectively in a palladium catalysed Suzuki 
coupling, after the initial formation of 1-aryl-n-halobenzene (n = 2, 3, 4; Scheme 15, I) 
the regenerated Pd(0) catalyst undergoes intramolecular oxidative addition (Scheme 15, 
II). This happens preferentially to diffusion of the Pd(0) catalyst into the reaction solvent 
after reductive elimination (Scheme 15, III). When Pd(0) catalyst E diffuses into the 
reaction solvent it can react with either B or C. However B exhibits higher reactivity than 
C. Therefore if the reaction favours the formation of di-coupled product D the reaction di-
selective and proceeds through a preferential oxidative addition mechanism (Scheme 15, 
II).  
Scheme 15. Mechanism for preferential intramolecular oxidative addition 
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 reported excellent di-selective couplings of aryl dibromides and 
iodides in Suzuki couplings when a 1:1 ratio relative to an arylboronic acid is employed. 
The selectivity was only observed when the bulky, electron donating P(t-Bu)3 ligand was 
used. With ligands such as P(Cy)3, dppe, PPh3 and Buchwald-type monophosphines either 
showing poor catalytic activity or a mixture of mono and di-products (Scheme 15).  




Preferential oxidative addition was further expanded to from simple substrates to 
fluorene-based substrates by Scherf and co-workers
59
. Utilizing the Pd(0)/P(t-Bu)3 
catalyst system exclusive formation of diarylated coupling product was achieved using 
model reactions using a 1:1 equivalents of both coupling partners (Scheme 17). 
Scheme 17. Model reactions of Fluorene-based  monomer59 
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Excellent di-selectivity was obtained when X = Br or I, showing that this type of catalyst 
system could have been employed to a fluorene-based monomers. Interestingly, when 
4-t-butylphenylboronic acid instead of phenylboronic acid was used as a coupling partner 
the majority of products were dehalogenated 12, with no coupling products observed. 
Hu and co-workers
60
 demonstrated that preferential oxidative addition in model Suzuki 
couplings was not exclusive for the Pd(0)/P(t-Bu)3 catalyst system. Ni(0)/PCy3 showed 
excellent chemoselectivity for simple substrates, comparable to those obtained with the 
Pd(0)/P(t-Bu)3 catalytic system. However, there have been no subsequent reports of 
Suzuki polycondensation in a chain-growth manner mediated by any nickel catalysts.  
1.4.4.3 Catalyst-transfer polymerizations mediated by palladium catalysts 
1.4.4.3.1 Suzuki catalyst- transfer polycondensation 
Following the discovery of preferential oxidative addition with a Pd(0)/P(t-Bu)3 catalyst 
system,  Yokozawa and co-workers demonstrated the first polycondensation in a chain-
growth manner using a palladium initiator.
61
 Using aryl(II)palladium catalyst 15a as an 
initiator, fluorene- and phenylene-based monomers were successfully polymerized with a 
moderate degree of polymerization and a narrow distribution of polymer lengths 
(Scheme 18).  
For the fluorene-based polycondensation, linear relationships in both conversion-Mn and 
feed ratio-Mn experiments were observed. The PDI remains low, independent of 
conversion or feed ratio, but increasing slightly at higher conversion and molecular 
weight (Mn = 20.7 kDa, PDI = 1.51). These experiments paired with MALDI-TOF end 
group analysis of the polymer chains proved the polymerizations proceeded in a chain-
growth manner. 
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Scheme 18. Suzuki chain-growth polymerization of fluorene- and phenylene-based monomer61 
 
The CGP conditions were utilized by Kiriy and co-workers to graft polyfluorene by first 




Huck and co-workers expanded the scope of the Suzuki CGP utilizing t-Bu3PPd(Ar)Br 
(15) initiators taking advantage of the complete incorporation of the aryl group on the 
initiator to add pyrene to the end of every polymer chain. 
63
 The scope was extended to 
fluorene n-type copolymers in a chain growth manner (Scheme 19, a). 
Using the same conditions, Yokowaza and co-workers demonstrated the first chain 
growth polymerization of thiophene-based monomers and subsequent block co-
polymerization with a fluorene-based monomer (Scheme 19, b).
64
 Similar to the first 
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Scheme 19. Suzuki chain-growth polymerization of other monomers63,64 
 
Huck and co-workers utilized the chain-growth nature of the Suzuki polycondensation 
mediated by t-Bu3PPd(Ar)Br initiators (15) to synthesize heterobis functionalised 
polyfluorene P16. They demonstrated excellent inclusion of the Ar group on the initiator 
and end-capping with additional boronic esters (Scheme 20).
65
 This allowed for quick 
access to different functional materials in one pot. 
Scheme 20. Synthesis of heterobis functionalised polyfluorene65 
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Although excellent control over end groups was observed conditions for the 
polymerization were far from optimal. To achieve a low PDI (1.20-1.40) the 
polymerizations were quenched at approximately 50% conversion as higher conversions 
led to a broader distribution of molecular weight. This limited the degree of 
polymerization to approximately 10. Additionally, a large excess of the end-capping 
reagent was needed to obtain >95% end-capping.  
Mecking and co-workers utilized the control of polymer length and molecular weight 
shown for fluorene polycondensation for the synthesis of luminescent nanoparticles 
(Figure 9).
66
 Their synthesis takes advantage of the living nature of the chain growth 
polymerization to end cap the fluorene monomer with a red-emitter. The aryl group on 
the initiator was subsequently modified to add a PEG group creating the block copolymer. 
This example shows the importance of CGP for the synthesis of new types of materials. 
Figure 9. Nanoparticle synthesized from heterodifunctional Polyfluorene66 
 
Although the aryl(II)palladium initiator provides a narrow PDI and modest chain length 
(Scheme 21, method A), the in situ formation of the initiator led to a narrower distribution 
of molecular weight with the addition of 1-bromo-4-iodobenzene (Scheme 21, method 
B).
67
 Using method B, the catalyst loading could be reduced to 2 mol% of Pd2(dba)3 for a 
longer chain length (Mn = 31.4 kDa) whilst retaining a narrow distribution of molecular 
weight (PDI = 1.20).  
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Scheme 21. Polymerization of polyfluorene initiated by in situ formation of aryl(II)palladium67 
 
Similar studies into the in situ formation of the palladium initiator by Grisorio et al. 
resulted in an extremely fast polymerization of fluorene monomer (~1 min). 
68
 They 
demonstrated the importance of the addition of reagents with respect to control of the 
polymerization. Similar Mn (27.0 kDa) and PDI (1.19) were achieved for in situ formation 
of the Pd(II) initiator.  
Both of these examples show the importance to the initiator with regards to control over 
the polymerization with the chain prorogation steps suspected to be the same. 
1.4.4.3.2 Stille polycondensation 




 cross-couplings. Bielawski and 
co-workers demonstrated the polymerization of phenyleneethylene-based monomer 17 
with t-Bu3PPd(Ph)Br (15a).
69
 The polymerization afforded poly(phenyleneethynylene) 
with a control over molecular weight and low polydispersity. The polymerization 
facilitated block co-polymerization with a fluorenyl-based monomer and chain growth 
from SiO2 nanoparticles (Scheme 22). The mechanism of intramolecular transfer was not 
elucidated in this report. 
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Scheme 22. Synthesis of polyphenyleneethylene in a chain growth manner.69 
 
1.4.4.4 Overview and outlook 
The initial observation that the Pd(0)/P(t-Bu)3 catalyst system undergoes preferential 
oxidative addition in model reactions was made by Hu and co-workers. Subsequently, 
Suzuki polycondensation were observed in a chain growth manner. Modest polymer 
lengths and molecular weight distribution were improved with subtle changes in initiator 
to yield longer polymer chain lengths and a narrow molecular weight distribution. Chain 
growth polycondensation mediated by t-Bu3PPd(Ar)Br has led to examples of block 
copolymers and graft polymerizations.  
Although t-Bu3PPd(Ph)Br is stable and easy to handle with control over both end groups 
of the polymer through different initiators and end capping, the best control over 
polymerization was obtained when the initiator was synthesized in situ. The P(t-Bu)3 
ligand is difficult to handle as it spontaneously combusts in the presence of oxygen. 
Polymerization procedures have shown that palladium catalysts show comparable ability 
to undergo chain growth polymerizations to nickel catalysts in some cases. However, the 
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search for universal Pd catalyst for chain transfer polycondensation for the synthesis of 
conjugated polymers continues. 
1.5. Model reactions mediated by PEPPSI-IPr 
Since their use as spectator ligands for catalysis by Herrmann et al.
70
 in 1995, NHCs have 
recently emerged as important ligands in transition metal catalyzed cross-coupling 
reactions.
71–74
 Their comparable reactivity to electron rich phosphine ligands has led to a 
growing number of well defined, isolable NHC-containing palladium complexes.
75–84
 
Arguably preeminent among these is the PEPPSI (PEPPSI = pyridine, enhanced 
precatalyst, preparation, stabilization and initiation) series of catalysts synthesized by 
Organ et al.
76,79 
PEPPSI catalysts show exceptional stability to air and moisture in the 
solid state and in solution, unlike some commonly used phosphine ligated palladium 
complexes.
85
 PEPPSI-IPr (IPr = N,N’-diisopropylphenyllimidazolium) was an efficient 
and versatile catalyst for mediating cross-coupling reactions at low catalyst loading and 
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Figure 10. PEPPSI-IPr and examples of possible cross-couplings 
 
Previous work within the group attempted the monoalkylation of 1,4-dibromobenzene 
(11a) mediated by both PEPPSI-IPr and Pd(PPh3)4. One equivalent of n-butylzinc 
bromide relative to aryl bromide was employed replicating model reaction conditions for 
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Excellent selectivity for the di-alkylated product was observed in the Negishi  coupling 
mediated by PEPPSI-IPr. The opposite selectivity was observed when Pd(PPh3)4 was 
used. The scope of this phenomenon was expanded to show excellect selectivity for 
polyfunctionalization of polybromo aromatic compounds mediated by PEPPSI-IPr 
(Scheme 24).  
Scheme 24.  Polyfunctionalization of polybromo aromatic compounds mediated by PEPPSI-IPr.a 
 
a
Ratio of fully-alkylated product relative to other butylated products as determined by GC-MS. 
Excellent chemoselectivity could have been obatined in two ways. Preferential 
intramolecular oxidative addition to the same molecule with the regenerated Pd(0) or the 
mono-alkylated product being more reactive than the dibromide starting material. To 
determine which pathway resulted in excellent chemoselectivity a competion reaction 
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between p-bromotoluene (20) and 1,4-dibromobenzene (11a) was run. p-Bromotoluene 
(20) was used to model the mono-alkylated product 18a as the methyl group would show 
similar electronic donation to the phenyl ring as the n-butyl group on the mono-alkylated 
product 18a (Scheme 25). 
Scheme 25. Competition between 20 and 11a mediated by PEPPSI-IPr 
 
1,4-Dibromobenzene (11a) was more reactive than p-bromotoluene (20), proving that the 
preferential oxidative addition of the regenerated Pd(0) to the same molecule led to the 
selective formation of the di-alkylated product. This observation was rationalised by 
oxidative diffusion controlled reactivity of the active Pd
0
 species after reductive 
elimination on the same aromatic ring.
87
 However, an assosiative pair similar to that for 
the nickel mediated chain transfer polycondensations could also be mediating excellect 
chemoselectivity. 
The excellent selectivity for the di-alkylation was not limited to aryl bromides. 
1,4-diiodobenzene (22a) showed excellent di-selectivity for the Negishi cross-coupling 
with n-BuZnBr. However, employment of 1,4-dichlorobenzene (23a) to the Negishi 
cross-coupling displayed low selectivity and 1,4-di(trifluoromethane-
sulfonyloxy)benzene (24a) showed mono-selectivity (Scheme 26). 
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Scheme 26. PEPPSI-IPr Mediated Negishi Cross-Coupling of 1,4-Dihaloarenes 
 
1.6 Chain growth polymerization mediated by PEPPSI-IPr  
McNeil and co-workers
88
 extended these results to PEPPSI-IPr mediated chain-growth 
polymerizations of Grignard monomers. The monomers used were both phenylene- and 
thiophene-based monomers. Unfortunately fluorene-based monomers did not proceed in a 
living manner (Scheme 27). To the best of our knowledge these results are the best chain 
growth polymerization conditions described for thiophene- and phenylene-based 
monomers by palladium catalysts in the literature to date.  
Scheme 27. Chain growth polymerization mediated by PEPPSI-IPr 
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They further demonstrated the PEPPSI-IPr mediated block homo- and co-polymerizations 
of phenylene- and thiophene-based monomers (Scheme 28).  
Scheme 28. Block homo- and co-polymerizations mediated by PEPPSI-IPr 
 
Some chain termination was observed in the block co-polymerizations if the second 
monomer was not added shortly after the first monomer had been consumed. McNeil and 
co-workers suggest this is due to the catalyst resting-state at the end of the polymerization 
being unstable. 
1.7 Aims and Goals 
We aimed to expand the scope of substrates and conditions of model reactions to explore 
the limitations of intramolecular catalyst transfer. During these studies we hoped to gain 
mechanistic insight into the preferential oxidiative addition of the regenerated 
palladium(0) species.  
Subsequently, utilizing the lessons learnt from the model reactions we would synthesise 
relavent monomers and test the ability of PEPPSI-IPr to mediated catalyst-transfer 
polycondensations to form π-conjugated polymers in a controlled manner. 
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2.1 Introduction 
Drawing on previous work in our group, the scope of the preferential intramolecular 
oxidative addition observed by PEPPSI-IPr was further explored in order to expand the 
substrate scope and potentially uncover the mechanism for this phenomenon.  
2.2 Addition of functional groups to aryl dibromides 
Excellent selectivity was previously observed for couplings of aryl bromides mediated by 





 Negishi coupling conditions. In a preliminary screening we examined the 
reactivity of meta-substituted 1,3-dibromobenzenes (25a-e), investigating the effect of 
functional groups on the chemoselectivity and yield (Table 2).  
Table 2. PEPPSI-IPr mediated Negishi coupling reaction of meta-substituted aryl dibromidesa 
 
Entry R 25 : 27b Yieldc
 
1 H (25a) <1 : >99 98% 
2 CH3 (25b) <1 : >99 90%
d 
3 OMe (25c) <1 : >99 94% 
4 F (25d) <1 : >99 92% 
5 COOMe (25e) <1 : >99 88% 
a
 All reactions were performed on a 0.25 mmol scale of n-BuZnBr. LiBr (3 equiv.), THF-DMI (2 : 1), RT, 
2 h. 
b
 Product ratio determined by 
1
H NMR analysis of the crude reaction mixture. 
c
 Yield determined by 
1
H 
NMR analysis of the crude reaction mixture relative to n-BuZnBr using mesitylene as an internal standard. 
d
 
p-Xylene used as an internal standard.  
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Excellent di-selective couplings for both electron donating (Table 2, entries 2) and 
electron withdrawing groups (Table 2, entries 3-5) were obtained in excellent yields. 
Unfortunately, stronger electron-withdrawing nitrile and nitro groups led to the formation 
of impurities as a result of side reactions. Therefore, the ratio of products could not be 
accurately be obtained. 
2.3 Addition of functional groups to aryl dichlorides 
To better understand the effect of funtional groups on the aromatic ring, similar meta 
substituted arenes were investigated replacing the C-Br bonds with C-Cl bonds. 
1,4-Dichlorobenzene (mono : di, 65 : 35, 85%) showed a more equal ratio of mono- and 
di-substituted products in previous work. We hypothesised this would allow changes in 
product ratio to be observed more clearly as a result of the additional functional groups. 
Table 3. PEPPSI-IPr mediated Negishi coupling reaction of meta-substituted dichloroarenesa 
 
Entry R 29 : 27b Yieldc
 
1 H (28a) 56 : 44 89% 
2 F (28b) 3 : 97 78% 
3 CF3 (28c) 6 : 94 80% 
4 OMe (28e)
 
4 : 96 92% 
5 CH3
 
(28d) 6 : 94 62% 
6 CN (28f) 76 : 24 50% 
a
 All reactions were performed on a 0.25 mmol scale of n-BuZnBr. LiBr (3 equiv.), THF-DMI (2 : 1), RT, 
2 h. 
b
 Product ratio determined by GCMS analysis of the crude reaction mixture. 
c
 Yield determined by 
1
H 






Page | 57  
 
1,3-Dichlorobenzene (28a, Table 3, entry 1) showed comparable reactivity and selectivity 
relative to its regioisomer 1,4-dichlorobenzene. However, to our delight both electron 
withdrawing (Table 3, entries 2 - 4) and electron donating groups (Table 3, entry 5) 
facilitated excellent di-selective couplings in good to excellent yields, a dramatic contrast 
from 1,3-dichlorobenzene (28a, Table 3, entry 1). Selectivity towards the mono-alkylated 
product 29 was observed upon the addition of the strongly electron-withdrawing nitrile 
group with no impurities observed (28f, Table 3, entry 6).  
2.4 Competition between aryl chlorides 
There was no clear trend for excellent di-selectivity to account for why selectivity for 
di-alkylation was observed with the addition certain of the functional groups in Table 3. 
A competition experiment was performed between aryl dichlorides (28a-c, e-f) to identify 
if the chemoselectivity correlates with reactivity (Table 4). 
Table 4. PEPPSI-IPr mediated Negishi competition experiment between dichlorobenzenesa 
 
Entry R R σ-metaf R’ 29 : 27b 29’ : 27’b 
Relative reactivity R 
: R’c 
1 CF3 (28c) 0.43 H (28a) 5 : 95
e
 73 : 27 67 : 33 
2 OMe (28e) 0.12 H (28a) <5 : >95 57 : 43 14 : 86 
3 F (28b) 0.34 H (28a) <5 : >95 67 : 33 51 : 49 
4 CN (28f) 0.56 H (28a) 85 : 15 NR
d
 >92 : <8 
5 CN (28f) 0.56 F (28b) 88 : 12e NRd >89 : <11 
a
 All reactions were performed on a 0.25 mmol scale of n-BuZnBr. LiBr (3 equiv.), THF-DMI (2 : 1), RT, 
2 h. 
b
 Product ratio determined by 
1
H NMR analysis of the crude reaction mixture. 
c
 Ratio of the yield of 
Page | 58  
 
both aryl dichlorides determined by 
1
H NMR analysis of the crude reaction mixture relative to n-BuZnBr 
using mesitylene as an internal standard. 
d




 Ratio obtained by GCMS due 







When there was competition between aryl dichlorides 28c and 28f and 
1,3-dichlorobenzene (28a, Table 4, entries 1 and 4) there was little or no conversion of 
1,3-dichlorobenzene (28a). By comparison, dichloride 28e (Table 4, entry 2) was less 
reactive than 1,3-dichlorobenzene (28a) and 1,3-dichloro-5-fluorobenzene (28b) showed 
equal reactivity with 1,3-dichlorobenzene (28a, Table 4, entry 4). Finally, 
3,5-dichlorobenzonitrile (28f) was significantly more reactive than 
1,3-dichloro-5-fluorobenzene (28b).  
Whilst the combined yield for entries 1-3 were quantitative, when a nitrile group is 
present the reaction appears to stall at ~50% yield. The lower yield could be linked to its 
mono-selectve coupling. 
Interestingly, the product ratio between mono- and di-alkylated products in Table 4 varied 
only slightly in the competion reaction relative to the product ratios in Table 3. The 
ability for the regenerated Pd(0) catalyst to undergo intramolecular oxidative addition 
appears independent of the reactivity of the aryl dichloride.  
There appears to be a trend between relative reactivity of the dichloroarenes and the meta- 
Hammett constant for R, the more electron deficient the aromatic the more reactive it is. 
The competition reaction has given us the relative reactivities of meta-substituted 
dichlorobenzenes 28b,c,e and f compared with 1,3-dichlorobenzene 28a. These relative 
reactivates can be seen as the relative reaction rates. The Hammett equation (Equation 1) 
can be used to identify the influence of meta- and para- groups on a benzene ring.  
Equation 1. Hammett equation 





= 89;   8 = :;<<=> ?4@A>;@>;  9 = :;<<=> B=;?>C4@ ?4@A>;@> 
Unfortunately, the assumption that k as the rate of conversion for our meta-substituted 
dichlorobenzenes and k0 is the rate of conversion of 1,3-dichlorobenzene does not fit the 
Hammet equation with the x,y intercept not 0,0 (Graph 2).  
Graph 2. Hammet plot using the relative reactivities of meta-substited dichlorobenzenes relative 
to 1,3-dichlorobenzene 
 
2.5 Poly-Polyhalogenated benzenes 
The addition of a functional group in the meta position to the two C-Cl bonds resulted in 
an increase in the di-selectivity of the coupling in most examples. We hypothesised that 
this would increase the selectivity for full-alkylation for the coupling of 
1,3,5-trichlorobenzene (30) and 1-bromo-3,5-dichlorobenzene (31). These compounds’ 
added functionality, however can themselves become alkylated.  
  




















R = H 
R = OMe 
R = F 
R = CF3 
R = CN 
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Scheme 29. PEPPSI-IPr mediated Negishi coupling reaction of polyhalogenated benzenesa 
a
 All reactions were performed on a 0.25 mmol scale of n-BuZnBr. LiBr (3 equiv.), THF-DMI (2 : 1), RT, 
2 h. Product ratio determined by GCMS analysis of the crude reaction mixture. 
c
 Ratio of mono : di : tri 
substitued products; yield determined by 
1
H NMR analysis of the crude reaction mixture relative to n-
BuZnBr using p-Xylene as an internal standard. 
d
 Ratio of mono : di substitued products; Mesitylene used 
as an internal standard.  
The addition of a halogen in the meta position showed a dramatic increase in selectivity 
for full-alkylation compared with 1,3-dichlorobenzene (Scheme 29, 30 and 31). The tri-
selective coupling of 1-bromo-3,5-dichlorobenzene (31) was surprising as not all of the 
more reactive C-Br bonds in the reaction coupled preferentially over the C-Cl bonds. This 
is a dramatic change compared to the previously reported selectivity with 
1-bromo-4-chlorobenzene (32) which strongly favoured the coupling of the C-Br bond 
over the C-Cl bond (Scheme 29). This is further proof that the regererated Pd(0) catalyst 
undergoes preferential intramolecular oxidative addition immediately after reductive 
elimination, as opposed to diffusing into the reaction solvent. 
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2.6 Variation in reaction conditions 
After exploring changes in chemoselectivity with different aryl dichlorides, changes in 
the reaction conditions were investigated to further expand the scope and potentially gain 




 Negishi coupling 
between 1,3-dichlorobenzene (28a) and n-BuZnBr (Scheme 30) was chosen as changes in 
chemoselectivity would be easily observed.  
Scheme 30. PEPPSI-IPr mediated coupling of 1,3-diclorobenzene (28a)a 
 
a
 Performed on a 0.25 mmol scale of n-BuZnBr. LiBr (3 equiv.), THF-DMI (2 : 1), RT, 2 h. 
b
 Product ratio 
determined by 
1
H NMR analysis of the crude reaction mixture. 
c
 Yield determined by 
1
H NMR analysis of 
the crude reaction mixture relative to n-BuZnBr using mesitylene as an internal standard. 
2.6.1 Solvent ratio 
A solvent mixture of THF and DMI was used for the couplings described previously. In 
an attempt to probe the importance of the solvent mixture with respect to the product 
ratio, the ratio of solvents was varied. Keeping the concentration constant, the ratio was 
varied toward the more polar solvent DMI.  
Table 5. Varying the solvent ratio of the Negishi coupling of 1,3-dichlorobenzenea 
Entry Solvent Ratio (THF : DMI) 29a : 27ab Yieldc
 
1 2:1 63 : 37 85% 
2 1:1 66 : 34 71% 
3 1:2 68 : 32 45% 
4 1:3 68 : 32 37% 
a
 1,3-dichlorobenzene (28a, 0.25 mmol), n-BuZnBr (0.25 mmol), PEPPSI-IPr (2 mol%), LiBr (3 equiv.), 
THF-DMI, RT, 2 h. 
b
 Product ratio determined by 
1
H NMR analysis of the crude reaction mixture. 
c
 Yield 




H NMR analysis of the crude reaction mixture relative to n-BuZnBr using mesitylene as an 
internal standard. 
Increasing the amount of DMI relative to THF decreased the yield of the coupling by 
almost 50%. This is most likely due to the hygroscopic nature of DMI introducing more 
water into the coupling the higher the ratio of DMI:THF. The product ratio of the 
couplings remain consistent as the amount of DMI in the system increases. These results 
suggest conversion and solvent do not greatly affect the chemoselectivity of the coupling. 
2.6.2 Temperature scan 
Previously undertaken PEPPSI-IPr mediated Negishi couplings were run at room 
temperature. The temperature was varied to observe its effect on the product ratio and its 
implications for the chemoselectivty of the coupling. 
Graph 3. Varying the temperature of the Negishi coupling of 1,3-dichlorobenzenea 
 
 a
 1,3-dichlorobenzene (28a, 0.25 mmol), n-BuZnBr (0.25 mmol), PEPPSI-IPr (2 mol%), LiBr (3 equiv.), 
THF-DMI (2 : 1), 2 h. 
b
 Product ratio determined by 
1
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As the temperature increases the amount of di-alkylated product (27a) relative to 
mono-alkylated (29a) increases. The yield of the coupling remained approximately 
consistent at all temperatures.  
 2.6.3 Equivalents of 1,3-dichlorobenzene 
Previous couplings were performed with an equal amount of aryl dichloride and n-
BuZnBr compounds. Increasing the amount of the 1,3-dichloroarene (28a) relative to 
n-BuZnBr will lead to a higher probability of catalyst oxidative addition to a molecule of 
the dichloride 28a rather than the mono-alkylated 29a product. We hypothesised an 
increase in equivalents of 28a relative to n-BuZnBr would have increase the relative 
amount of mono-alkylated product 29a. 
Graph 4. Varying the number of equivalents of 1,3-dichlorobenzene relative to n-BuZnBra 
 
a
 n-BuZnBr (0.25 mmol), PEPPSI-IPr (2 mol%), LiBr (3 equiv.), THF-DMI (2 : 1), 25 °C, 2 h. 
b
 Product 
ratio determined by 
1
H NMR analysis of the crude reaction mixture. 
c
 Yield determined by 
1
H NMR 
analysis of the crude reaction mixture relative to n-BuZnBr using mesitylene as an internal standard. 
As predicted, the greater the number of equivalents of 1,3-dichloroarene relative to the 
n-BuZnBr, the higher the amount of mono-alkylated product 29a relative to the di-





























Equivalents of QA004 relative to n-BuZnBr
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2.6.4 Catalyst loading 
Attempts to vary the concentration of the coupling led to a dramatic reduction in yield 
with no conversion observed when the concentration was halved. Instead, the 
concentration of PEPPSI-IPr was varied by changing the catalyst loading.  
Graph 5. Varying the catalyst loading of PEPPSI-IPra 
 
a
 1,3-dichlorobenzene (28a, 0.25 mmol), n-BuZnBr (0.25 mmol), LiBr (3 equiv.), THF-DMI (2 : 1), 25 °C, 
2 h. 
b
 Product ratio determined by 
1
H NMR analysis of the crude reaction mixture. 
c
 Yield determined by 
1
H NMR analysis of the crude reaction mixture relative to n-BuZnBr using mesitylene as an internal 
standard. 
Between a catalyst loading of 0.5-2.5 mol% the chemoselectivity and yield remained 
constant, independent of the catalyst loading.  
2.6.5 Time Scan 
A time scan was performed to investigate how the product distribution of the coupling changes over time 
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Entry Time / mins 29a : 27ab Yieldc
 
1 5 59 : 41 89% 
2 10 59 : 41 89% 
3 30 58 : 42 81% 
a
 1,3-dichlrobenzene (28a, 0.25 mmol), n-BuZnBr (0.25 mmol), PEPPSI-IPr (2 mol%), LiBr (3 equiv.), 
THF-DMI (2 : 1), 25 °C. 
b
 Product ratio determined by 
1
H NMR analysis of the crude reaction mixture. 
c
 
Yield determined by 
1
H NMR analysis of the crude reaction mixture relative to n-BuZnBr using mesitylene 
as an internal standard. 
The coupling appears to finish after just five minutes, therefore the variation in product 
distribution over time could not be followed. This demonstrates that PEPPSI-IPr is a very 
reactive catalyst. 
2.7 Conclusions 
The exploration into the scope of the selective di-alkylation for aryl dibromides was 
successfully expanded with the addition of a range of functional groups, with the 
exception of strongly electron withdrawing nitrile and nitro groups due to side reactions 
independent of the cross-coupling. 
Subsequently the addition of most functional groups to aryl dichlorides switched on the 
preferentential oxidative addition needed for chemoselective couplings. The trand in 
reactivity correlated with the Hammet constants, however did not fit the Hammet 
equation.  
Variations on the reaction conditions with 1,3-dichlorobenzene (28a) demonstrated that 
variation in both temperature and relative equivalents of dichloride 28a varied the product 
distribution.  
To the best of our knowledge, at the time of research, these results were the first selective 
exhaustive substitution of poly-chloroarenes with an equal amount of nucleophile 
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observed. Although chain growth polycondensation has since been reported for nickel 
catalysts of thiophene-based monomers, these model reactions further suggest PEPPSI-
IPr to be an ideal candidate to mediate chain-growth polymerizations from cheap chloride 
monomers. 




 Negishi couplings mediated by PEPPSI-IPr would have 
focused on changing the reaction conditions with meta-substituted aryl dichlorides. 





mediated by  PEPPSI precatalysts. 
2.8 References  
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Chapter 3 – PEPPSI-IPent synthesis 
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3.1 Introduction 
PEPPSI-IPr was one in a series of the pyridine stabilised palladium NHC complexes to be 
reported by Organ and co-workers, its efficacy and scope previously discussed.
90
 It was 
the only commercially available PEPPSI catalyst available when our research into 
exploring chemoselective couplings began. Although commercially available, PEPPSI-
IPr can easily be prepared from its corresponding NHC.
91
 We synthesized PEPPSI-IPr 
(35c) along with PEPPSI-IEt (35b) and PEPPSI-IMes (35a) from their corresponding 
NHCs in excellent yields (Scheme 31). Due to difficult separation of 3-chloropyridine 
from the PEPPSI complexes the yields are slightly lower than reported. The NHCs in 
turn, were easily synthesized from commercially available anilines 33a-c and provided in 
good yields. 
Scheme 31. Synthetic route to PEPPSI complexes -IMes, -IEt and -IPr 
  
a. Glyoxal (1 equiv.), 33 (1.6 equiv.), formic acid (a few drops), methanol, RT, 4 h; b. Diimine (1 equiv.), 
ZnCl2 (1 equiv.), paraformaldehyde (1.1 equiv.), HCl in dioxane (1.5 equiv.), THF, 70 °C, 16 h; c. PdCl2 (1 
mmol), 34 (1.1 mmol), K2CO3 (5 mmol), 3-chloropyridine, 80 °C, 16 - 20 h. 
Organ and co-workers have shown that a second generation catalyst, PEPPSI-IPent (35d), 
is even more active than PEPPSI-IPr.
92
 PEPPSI-IPent follows the previous trend observed 
where increased steric bulk of the flexible alkyl chains led to increased activity. It 
outperforms PEPPSI-IPr in challenging cross-couplings, examples shown in Scheme 
32.Scheme  It is a more general catalyst for most C-C bond couplings as well as 
aminations and sulfonations.
92
 This made it an attractive catalyst to investigate as it could 
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achieve a higher selectivity for intramolecular oxidative addition and expand the scope of 
potential monomers for chain transfer polymerization. 
Scheme 32. Comparison of PEPPSI-IPr to -IPent92 
 
Unfortunately, it is an expensive catalyst at £416.50/g
93
 with no reported synthetic route 
from commercially available materials. Starting from the non-commercial aniline 33d, the 
synthesis of the diimine 36d is reported in a separate publication
94
 to that of the formation 
of the PEPPSI-IPent (35d) from the NHC (Scheme 33).
79
 
Scheme 33. Reported steps for the synthesis of PEPPSI-IPent 
 
 
a. Glyoxal (0.5 equiv.), 33d (1 equiv.), formic acid (0.12 equiv.), ethanol, 70 °C, 24 h; b. 36d (1 equiv.), 
Na(CN)BH3 (2 equiv.), AcOH, EtOH, Et2O, RT, 4 h; c. PdCl2 (1.38 mmol), IPent.HCl (0.93 mmol), K2CO3 
(4.65 mmol), 3-chloropyridine (8 mL), 80 °C, 24 h. 
To the best of our knowledge, there is one reported synthetic procedure to aniline 33d by 
Steele et al. (Scheme 34).
95
 The reaction can be performed on a multigram scale in one 
step with a good yield. Unfortunately the procedure has several drawbacks. It requires 
specialist equipment, the use of flammable ethene gas at high temperature, above 
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atmospheric pressure and the use of non commercial superbases. Additionally, the scope 
of this transformation lacks the ability to expand the library of the flexible alkyl chains on 
the aniline, with the possibility of synthesising a more active catalyst than PEPPSI-IPent. 
Scheme 34. Synthesis of aniline 33d by Steele et al.95 
 
a. nBuLi (1 equiv.); b. nBuLi/LiK-(OCH2CH2NMe2)2; c. Mg(OCH2CH2OEt)2, C2H4 (10 atm), 80 °C, 24 h; 
d. H2O. 
Consequently, we sought to improve on the synthesis of aniline 33d. We looked for an 
alternative that can be performed under basic laboratory conditions, in the smallest 
number of steps, highest yield and with minimal purification. 
3.2 Negishi coupling of 3-pentylzinc bromide 
PEPPSI-IPent has been reported to show high selectivity for the direct coupling of 
secondary alkylzinc reagents.
96
 The competing side reaction results in regioisomers of the 
alkyl chains. The ratio of secondary alkyl chains coupled directly compared with linear 
products is determined by the rate of ß-hydride elimination followed by migratory 
insertion over the rate of reductive elimination after the transmetallation (Figure 11). 
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Figure 11. Catalytic cycle of iso-propylzinc halide 
 
Organ and co-workers showed excellent selectivity for the coupling of sec-butylzinc 
bromide (39) with 2,6-dibromoaniline (40) mediated by PEPPSI-IPent (Scheme 35).
96
  
Scheme 35. PEPPSI-IPent mediated coupling of aniline 40 and sec-butylzinc bromides96 
 
a. 40 (1 equiv.), 39 in THF (3.4 equiv.), PEPPSI-IPent (2 mol%), toluene, RT, 20 h. 
We envisaged using a catalytic amount of PEPPSI-IPent to synthesize the key aniline 
intermediate needed for the formation of PEPPSI-IPent. We proposed any minor isomers 
present would be removed by recrystallization at a later stage in the synthetic route. 
Therefore, we attempted the coupling of 3-pentylzinc bromide (42) and the same aniline 
40 mediated by PEPPSI-IPent (Scheme 36).  
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Scheme 36. PEPPSI-IPent mediated coupling of aniline 40 and 3-pentylzinc bromides (42) 
 
a. 40 (1 equiv.), 42 in THF (3.4 equiv.), PEPPSI-IPent (2 mol%), toluene, RT, 20 h. 
The coupling was highly selective between branched and linear regioisomers; however 
there was a mixture of the desired regioisomer 33d and sec-isomers 43a and b (54: 46 
respectively by 
1
H NMR analysis) that proved inseparable via standard purification 




Organ and co-workers have reported that a third generation catalyst PEPPSI-IPent
Cl
 is 
even better at coupling secondary alkyl groups selectively.
98
  Like PEPPSI-IPent, 
PEPPSI-IPent
Cl
 was not commercially available and had no synthetic route from 
commercially available starting materials. Even if it was viable to synthesize 
PEPPSI-IPent
Cl
, it was unclear if the ratio of the desired product to its regioisomers would 
be enough to make the route viable. Therefore we turned our attention to alternative 
routes to synthesize aniline 33d. 
3.3 Route 1: Synthesis of aniline 33d 
We proposed a retrosynthetic route to aniline 33d utilising classical chemistry where by 
Grignard reagents would be used to add the flexible alkyl groups to the aniline. After the 
Page | 73  
 
addition of alkyl groups, the routes required dehydration and alkene reduction to afford 
aniline 33d (Scheme 37).  
Scheme 37. Retrosynthetic routes to key aniline 33d 
 
Inspired by chemistry reported by Knochel and co-workers
99
 we attempted the synthesis 
of aniline 33d from 2,6-dibromoaniline (40). Using a triazene protecting group we formed 
a Grignard by halogen metal exchange from i-PrMgCl.LiCl. This was successfully 
quenched with pentanone to afforded alcohol 45 in a good yield (Scheme 38).  
Scheme 38. Synthesis of diol 45 from aniline 40 
 
a. 40 (1 equiv.), NaNO2 (1.5 equiv.), conc. HCl (aq.), 0 °C, 30 mins; b. pyrrolidine (2 equiv.), K2CO3 (5 
equiv.), acetonitrile : water (1 : 2), 0 °C, 30 mins; c. 44 (1 equiv.), i-PrMgCl.LiCl (1.1 equiv.), THF, -40 °C 
– -15 °C, 2.5 h; d. 3-Pentanone (2.2 equiv.), THF, -15 °C – RT, 30 mins. 
With the successful installation of the alkyl groups for one C-Br bond, we attempted the 
same approach to the second C-Br bond. Unfortunately, the addition of 3 equivalents 
i-PrMgCl.LiCl to alcohol 45 did not yield any halogen metal exchange. Even when a 
large excess of i-PrMgCl.LiCl was added to dibromoarene 44 selective halogen metal 
exchange of only one C-Br bond was observed.  Further attempts to form the Grignard at 
higher temperatures also failed (Scheme 39).  
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Scheme 39. Failed attempts to synthesize diol 46 
 
a. 45 (1 equiv.), i-PrMgCl.LiCl (3 equiv.), THF, -40 °C – -15 °C, 2.5 h, then 3-Pentanone (4.4 equiv.), THF, 
-15 °C – RT, 30 mins; b. 44 (1 equiv.), i-PrMgCl.LiCl (4.4 equiv.), THF, -40 – -15 °C, 3 h, then 3-
Pentanone (8.8 equiv.), THF, -15 °C – RT, 30 mins. 
After attempts to form diol 46 failed, we hypothesized the alcohol functionality could be 
responsible for the failure to form the Grignard. Therefore, we attempted the dehydration 
with p-toluenesulfonic acid (p-TsOH). Unfortunately, this led to decomposition of the 
starting material involving the removal of the triazene with no product formed 
(Scheme 40).  
Scheme 401. Failed dehydration of tertiary alcohol 45  
  
a. 45 (1 equiv.), p-TsOH (0.1 equiv.), DCM, RT, 16 h. 
As this route did not work we looked for another route to the desired aniline 33d. 
3.4 Route 2: Synthesis of aniline 33d 
With the Grignard formation of the second C-Br bond failing, we devised a different 
retrosynthetic route to form aniline 33d. Still utilizing classical Grignard chemistry, but 
switching electrophilic and nucleophilic synthons. 
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Scheme 41. Retrosynthetic routes to key aniline 33d 
 
Starting from 2-nitro-m-xylene we aimed to transform it into the desired aniline 33d in 
just 6 steps. The double oxidation of 2-nitro-m-xylene (48) to 2-nitroisophthlic acid (49) 
was achieved in a good yield in accordance with the literature.
100
 We found that an extra 
10% KMnO4 was needed to eliminate the intermediate 3-methyl-2-nitro-benzoic acid, 
which added an additional purification step. The diacid 49 was converted to the diester 50 
in an excellent yield, with any unreacted diacid 49 easily recovered from the aqueous 
workup. Both reactions were easily performed on a multigram scale (Scheme 42).  
Scheme 42. Synthesis of diester 50 from 2-nitro-m-xylene (48) 
 
a. 48 (1 equiv.), KMnO4 (4.4 equiv.), NaOH (1.5 equiv.), water, reflux, 20 h; b. 49 (1 equiv.), SOCl2 (4 
equiv.), EtOH, 70 °C, 20 h. 
Diethyl 2-nitroisophthalate was reduced to aniline 51 by hydrogenation catalysed by 
palladium on carbon. An alternative reduction with zinc and acetic acid was attempted but 
resulted in a lower yield. Utilising chemistry by Bowman et al.
101
 we added 
ethylmagnesium bromide to the diester 51 to afford diol 52 in an excellent yield 
(Scheme 43).  
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Scheme 43. Synthesis of diol 52 from diester 50  
 
a. 50 (1 equiv.), 10% Pd/C (2 mol%), H2 (1 atm), EtOH, RT, 6 h; b. 51 (1 equiv.), EtMgCl (8 equiv.), THF, 
0 °C - RT, 3 h. 
Dehydration catalyzed by p-TsOH using Dean-Stark apparatus afforded dialkene 53 as a 
mixture of (E)- and (Z)-alkene isomers. Dialkenes 53 were taken forward crude to form 
the desired aniline 33d by hydrogenation catalysed by palladium on carbon in a good 
yield over the two steps (Scheme 44). The 6 step synthesis of aniline 33d was very 
scalable with only one flash column chromatography purification needed. This made the 
route very scalable and efficient. 
Scheme 44. Synthesis of aniline 33d from diol 52 
 
a. 52 (1 equiv.), p-TsOH (0.1 equiv.), toluene, reflux, 3 h; b. 53 (1 equiv.), 10% Pd/C (4 mol%), H2 (1 atm), 
EtOH, RT, 12 h. 
3.5 PEPPSI-IPent synthesis 
With the aniline 33d in hand we found we obtained a greater yield than the literature 
procedure for synthesis of the diimine by Organ and co-workers (75% yield).
94
 This was 
achieved by using milder conditions and shorter reaction time used to synthesize the 
equivalent IPr diimine 36d. The diimine 33d was subsequently cyclised to form the NHC 
34d in a moderate yield (Scheme 45).  
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Scheme 45. Synthesis of IPent.HCl (QA003d) from aniline 33d 
 
a. Glyoxal (1 equiv.), 33d (1.6 equiv.), formic acid (a few drops), methanol, RT, 4 h; b. 36d (1 equiv.), 
ZnCl2 (1 equiv.), paraformaldehyde (1.1 equiv.), HCl in dioxane (1.5 equiv.), THF, 70 °C, 16 h. 
Subsequently, PEPPSI-IPent (35d) was synthesized in an excellent yield. In our hands, 
using the original conditions that were used to synthesize PEPPSI-IPr (35c) we achieved 
a better yield than that obtained by Organ and co-workers (65% yield).
79
  
Scheme 46. Synthesis of PEPPSI-IPent (35d) from NHC 34d 
 
a. PdCl2 (1.0 mmol), IPent.HCl (34d, 1.1 mmol), K2CO3 (5.0 mmol), 3-chloropyridine (4.0 mL), 80 °C, 
20 h. 
3.6 Conclusion 
We successfully synthesized aniline 33d in 6 steps from 2-nitro-m-xylene (48) in a 
21% overall yield with minimal purification using standard laboratory equipment. This 
was successfully transformed to PEPPSI-IPent using procedures previously employed for 
the synthesis of PEPPSI-IPr. Utilising the PEPPSI-IPent synthesized, we can further 
explore the scope and limitations of chemoselective couplings.  
Concurrently with our work, Nolan and co-workers published a very similar synthetic 
route to the IPent.HCl (34d, Scheme 47).
102
 Both routes utilize the addition of alkyl 
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Grignards to an ester to form tertiary alcohols, which was dehydrated and the resulting 
alkene reduced. All yields were comparable to our route apart from the last step where 
their dehydration appears cleaner, resulting in a higher yield. The scope of this route was 
successfully expanded to other NHCs with longer alkyl chains. Nolan and co-workers 
describe the NHCs with longer alkyl chains (IHept and INon) following the trend from 
IPent as part of the “ITent” family. 
Scheme 47. Nolan and co-workers synthetic route to ITent.HCl salts102 
 
a) 49 (1 equiv.), H2SO4 (3.5 equiv.), MeOH, reflux, overnight; b) 54 (1 equiv.), 10% Pd/C (1.2 mol%), H2, 
AcOEt, RT, 20 h; c) 55 (1 equiv.), alkylbromide RCH2Br (R=Me, Et, nPr, 8 equiv.), Mg (9 equiv.), THF, 0 
°C to RT, 1 – 2 h; d) H2SO4 (10 equiv.), THF, 100 °C, 1 – 2 h; e) 10% Pd/C (10 mol%), H2, EtOH, reflux, 6 
– 48 h; f) Glyoxal (1 equiv.), 33d/58/59  (1.6 equiv.), formic acid (a few drops), methanol, RT, 3 - 4 h; g) 
diimine (1 equiv.), ZnCl2 (1 equiv.), paraformaldehyde (1.1 equiv.), HCl in dioxane (1.5 equiv.), THF, 70 
°C, 3 h. 
Nolan and co-workers report similar activity for new palladium NHC complexes for the 
Suzuki coupling of 60 and 61 between [Pd(IPent)(cin)Cl], [Pd(IHept)(cin)Cl] and 
[Pd(INon)(cin)Cl]. A greater difference was observed with [Pd(IHept)(acac)Cl] and 
[Pd(INon)(acac)Cl] showing greater activity for Buchwald Hartwig aminations compared 
with [Pd(IPent)(acac)Cl] (Figure 12).  
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Figure 12. Comparison of ITent palladium complexes102  
 
a. 2-chloromesitylene (0.5 mmol), 2,6-dimethylbenzene boronic acid (1.0 mmol), KOtBu (1.5 mmol), 
[Pd(ITent)(cin)Cl], toluene (2 mL), 65 °C; b. 4-chloroanisole (0.5 mmol), 4-fluoroaniline (0.55 mmol), 
KO
t
Bu (0.5 mmol), 0.05% [Pd(ITent)(acac)Cl], toluene (1.0 mL), 80 °C, 20 h; c. Conversion to coupling 
product based on starting aryl chloride by GC-MS. 
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Chapter 4 – Model reactions mediated by 
PEPPSI-IPent 
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4.1 Introduction 
PEPPSI-IPent is a second generation catalyst which has been shown to be more active 
than PEPPSI-IPr for numerous cross couplings, as described in Chapter 3.
92
 Utilizing the 
new synthetic route, we tested PEPPSI-IPent in our exploration of chemoselective 
couplings towards controlled chain growth polymerization of conjugated polymers. 





 Negishi couplings comparing PEPPSI-IPr v PEPPSI-IPent 
In Chapter 2, PEPPSI-IPr showed excellent chemoselectivity for full substitution of all 
polybromo arenes and most substituted meta-dichlorobenzenes. Two aryl dichlorides 




 Negishi coupling mediated by 
PEPPSI-IPr were compared with PEPPSI-IPent (Scheme 48). 
Scheme 48. Negishi coupling of dichlorobenzenes and n-BuZnBr  
 
a
 All reactions were performed on a 0.25 mmol scale of n-BuZnBr. LiBr (3 equiv.), THF-DMI (2 : 1), RT, 2 
h. Product ratio (29:27) determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the crude reaction mixture relative to n-BuZnBr using mesitylene as an internal 
standard. 
When mediated by PEPPSI-IPr, both 3,5-dichlorobenzonitrile (28f) and 
1,3-dichlorobenzene (28a) showed a product ratio that favoured the formation of the 
mono-alkylated product 29a or 29f (Scheme 48). Conversely, when the coupling was 
mediated by PEPPSI-IPent the product ratio was dramatically reversed for both 
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compounds. PEPPSI-IPent showed a “switch on” for the preferential oxidative 
mechanism that was not observed with PEPPSI-IPr. Not only did the selectivity for the 





 Kumada coupling PEPPSI catalyst scan of 1,4-dichlorobenzene 
In our group’s work, PEPPSI-IPr demonstrated excellent di-selectivity for the coupling of 
1,4-dibromobenzene (11a) with one equivalent PhMgCl (Scheme 49).
87
 
Scheme 49. Kumada coupling of 1,4-dibromobenzene and PhMgCl mediated by PEPPSI-IPr87 
 





 Kumada coupling between 1,4-dichlorobenzene (11a) and PhMgBr (Scheme 
50). A variation in the structure of the NHC ligand was known to significantly alter the 
Pd-catalyst reactivity.
92
 This would give us an indication of how the steric bulk on the 
different NHC ligands affected the chemoselectivity of the coupling. Also, the catalyst 
scan would identify the best catalyst for further studies toward controlled polymerization 
of π-conjugated polymers. 
  
Page | 84  
 
Scheme 50. Catalyst scan of PEPPSI precatalysts coupling 1,4-dichlorobenzene (68a) and PhMgBra 
 
a
 All reactions were performed on a 0.25 mmol scale of PhMgBr. The catalyst loading was 2 mol%. Product 
ratio (69a:70a) determined by GCMS analysis of the crude reaction mixture. Yield determined by 1H NMR 
analysis of the crude reaction mixture relative to PhMgBr using mesitylene as an internal standard. 
L = 3-chloropyridine. 
Variation of the NHC ligand led to increasing selectivity for di-substitution in the order 
IMes < IEt < IPr* < IPr < IPent. When the side chains (R/R’) were alkyl groups the 
chemoselectivity paralleled the trend in both ligand steric demand and catalyst activity. 
However, PEPPSI-IPr* showed a product ratio similar to PEPPSI-IEt, despite greater 
steric bulk than PEPPSI-IPent. This suggests that flexible alkyl groups are better than 
rigid aromatic groups for achieving high di-selectivity. Gratifyingly, PEPPSI-IPent 
displayed extremely high selectivity for the di-arylation of 1,4-dichlorobenzene (68) in an 
excellent yield (Scheme 50).
 
4.3 Electrophile scope 
We set out to examine the substrate scope and limitations of the poly-substitution process 
mediated by PEPPSI-IPent. We tested numerous chloroarenes with multiple C-Cl bonds 
to expand the scope of the electrophilic coupling partner using PhMgBr as the Grignard 
reagent. This allowed us to directly compare the polychloroarenes to highlight strengths 
Page | 85  
 
and weaknesses in monomer structure with a view to examining polymerizations 
mediated by PEPPSI-IPent. 
4.3.1 Regioisomers of dichlorobenzene 
Firstly, the effect of the relative positions of the C-Cl bonds on the benzene ring on the 
chemoselectivity was explored (Scheme 51).  
Scheme 51. Kumada coupling of regioisomers of dichlorobenzene mediated by PEPPSI-IPent 
 
a
 All reactions were performed on a 0.25 mmol scale of PhMgBr. THF, 50 °C, 3 h. Product ratio (69:70) 
determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the 
crude reaction mixture relative to PhMgBr using mesitylene as an internal standard. 
Variation in the relative orientation of the C-Cl moieties led to small changes in the 
reaction outcome with the selectivity falling from 6:94 for 1,4-dichlorobenzene (70c) to 
16:84 in the case of sterically hindered 1,2-dichlorobenzene (68c). The yield of the 
coupling decreased as the C-Cl bonds were closer on the aromatic ring. Interestingly this 
trend is opposite to that observed by Dong and Hu for the model Suzuki couplings 
mediated by Pd(0)/P(t-Bu)3, in which they found decrease in di-selectivity and yield as 
the bromines moved from ortho to para.
58
 
4.3.2 Substituted meta-dichlorobenzenes 
In Chapter 2 the reactions with PEPPSI-IPr demonstrated the addition of most 
substituents (R) meta to two C-Cl bonds on a benzene ring increased dramatically the di-
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 Negishi coupling (R = CF3, F, OMe, Me, <4: >96 mono:di, 
Table 3). Therefore, meta-substituted dichlorobenzenes were subjected to the Kumada 
coupling mediated by PEPPSI-IPent in an attempt to increase the chemoselectivity 
relative to unsubstituted 1,3-dichlorobenzene (70b) which already showed high di-
selectivity (Scheme 52).  





 All reactions were performed on a 0.25 mmol scale of PhMgBr. THF, 50 °C, 3 h. Product ratio (69:70) 
determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the 
crude reaction mixture relative to PhMgBr using mesitylene as an internal standard. 
As predicted, all substrates with either an electron withdrawing (70d-e,h) or electron 
donating (70f-g) displayed excellent di-selectivities, in good to excellent yields. 
4.3.3 Regioisomers of dichloroanisole 
Excellent di-selectivity was observed for the coupling of 3,5-dichloroanisole (70h). We 
sought to investigate the effect on the chemoselectivity of its regioisomers (Scheme 53). 
The regiosomers would show different electronic and steric affects on both C-Cl bonds 
which should have resulted in a lower di-selectivity.  
Scheme 53. Kumada coupling of regioisomers of dichloroanisole mediated by PEPPSI-IPenta 




 All reactions were performed on a 0.25 mmol scale of PhMgBr. THF, 50 °C, 3 h. Product ratio (69:70) 
determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the 
crude reaction mixture relative to PhMgBr using mesitylene as an internal standard.
b
 Ratio of both mono-
coupled to di-coupled products. 
Examination of a series of regioisomers of dichloroanisole (60h-m) demonstrated that the 
relative position of the substituents has an appreciable effect on the reaction selectivity; 
while highly symmetrical 70h and 70i were obtained with high selectivity, when the 
methoxy substituent was placed ortho to only one of the C-Cl bonds, di-selectivity was 
significantly reduced (70k, 29:71 and 70l, 21:79) or even reversed (70m, 70:30).  
4.3.4 Polychlorobenzenes 
Subsequently we investigated the chemoselectivity of the Kumada coupling on substrates 
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Scheme 54. Kumada coupling of polychlorobenzenes mediated by PEPPSI-IPenta 
 
a
 All reactions were performed on a 0.25 mmol scale of PhMgBr. THF, 50 °C, 3 h. Product ratio (other 
substituted procucts:exhaustive substitution 70) determined by GCMS analysis of the crude reaction 
mixture. Yield determined by 
1
H NMR analysis of the crude reaction mixture relative to PhMgBr using 
mesitylene as an internal standard. 
b
 Yield unable to be determined. 
Benzenes substituted with 3 or 4 C-Cl bonds were found to lead to exhaustive substitution 
with high selectivities in favour of the fully-substituted products over other substituted 
products for aryl chlorides 68n and 68o. Interestingly, when 5 C-Cl bonds are present 
almost no penta-substitution was observed. This demonstrated that this effect is not 
limited to di-chloroarenes, however the selectivity for exhaustive substitution and yield 
decreased as more C-Cl bonds were on the benzene ring. 
4.4 Nucleophile scope 
In order to ascertain the effect of the nature of the nucleophile on the observed product 
selectivity we studied the reaction of 1,4-dichlorobenzene (68a) with a range of 
substituted Grignard reagents and other nucleophiles.  
4.4.1 Grignard scope 
With PhMgBr showing excellent di-selectivity, we investigated the effect of substituents 
para to the organometallic bond with other commercially available Grignard reagents . 
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Scheme 55. Kumada coupling of 1,4-dichlorobenzene and ArMgBr mediated by PEPPSI-IPenta 
 
a
 All reactions were performed on a 0.25 mmol scale of ArMgBr. THF, 50 °C, 3 h. Product ratio (69:70) 
determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the 
crude reaction mixture relative to ArMgBr using mesitylene as an internal standard. 
Both electron-rich (70q, r) and electron-poor (70s) ArMgBr nucleophiles led to 
di-substituted adducts with high selectivities in good to excellent yields (Scheme 55). 
However, there was a small reduction in di-selectivity for the electron-rich Grignard 
reagents compared to PhMgBr. 
With the addition of simple functional groups to the Grignard we subsequently tested 
2-thienylmagnesium bromide with both 1,4-dichlorobenzene (68a) and 3,5-
dichloroanisole (68h). 
Scheme 56. Kumada coupling of dichloroarenes and 2-thienylmagnesium bromidea 
  
a
 All reactions were performed on a 0.25 mmol scale of 2-thienylmagnesium bromide. THF, 50 °C, 3 h. 
Product ratio (69:70) determined by GCMS analysis of the crude reaction mixture. Yield determined by 1H 
NMR analysis of the crude reaction mixture relative to ArMgBr using mesitylene as an internal standard. 
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For the coupling between this heteroaryl thienyl Grignard reagent and 68a, a complete 
loss of selectivity was observed. Interestingly, excellent di-selectivity was found on 










 couplings described previously have been the Kumada coupling of 





bond couplings including functional group tolerance. Suzuki and Negishi couplings 
mediated by PEPPSI catalysts have been described by Organ and co-workers.
86,91
 
Scheme 57. Suzuki and Negishi couplings of 1,4-dichlorobenzene mediated by PEPPSI-IPenta 
 
a
 All reactions were performed on a 0.25 mmol scale of PhM. Product ratio (69a:70a) determined by 
GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the crude reaction 
mixture relative to Ph-M using mesitylene as an internal standard. 
b
 THF, 50 °C, 3 h. 
c
 K2CO3 (3.0 equiv.), 
1,4-dioxane, 60 °C, 12 h. 
d
 THF-NMP (1:1), 30 °C, 2 h. 
Remarkably, the observed di-selectivity is not limited to the Kumada coupling: the 
coupling of PhB(OH)2 or PhZnCl with 68a both proceeded with high di-selectivity (3:97 
and 11:89, respectively). The yields are lower than for the Kumada coupling; however the 
conditions used were not fully optimized. 
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4.5 Monomer substrates 
4.5.1 Kumada couplings 
With numerous simple functionalized polychlorobenezenes and organometallics explored, 
we extended our study to a number of di-chloroarene derivatives of monomers commonly 
used in the synthesis of conjugated organic polymers (Scheme 58). 
Scheme 58. Di-selective Kumada coupling of monomer derivatives mediated by PEPPSI-IPent 
 
 a
 All reactions were performed on a 0.25 mmol scale of PhM. THF, 50 °C, 3 h. Product ratio (69:70) 
determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the 
crude reaction mixture relative to ArMgBr using mesitylene as an internal standard.
 
 
Gratifyingly, models of common p-type monomers including 1,4-dimethoxybenzene 
(68v), fluorene (68x and 68y) and carbazole (68z) all displayed high selectivity for di-
substitution when reacted with PhMgBr. This selectivity was maintained when 2-thienyl 
Grignard was used as the nucleophile (68w) all in good to excellent yields. 
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Scheme 59. Non-selective Kumada coupling of monomer derivatives mediated by PEPPSI-IPent  
 
a
 All reactions were performed on a 0.25 mmol scale of PhM. THF, 50 °C, 3 h. Product ratio (69:70) 
determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the 
crude reaction mixture relative to PhMgBr using mesitylene as an internal standard.
 b
 THF-NMP (1:1), 30 
°C, 2 h. 
Disappointingly, electron-deficient dichloro-fluoreneone 68aa and models of monomers 
dichlorothiophene, 68ab, and dichloro-EDOT, 68ac, were either non-selective (68aa) or 
gave rise to the product of mono-substitution (68ab and 68ac). For the fluoreneone 
derivative (68aa), PhZnCl was used instead of PhMgBr as the Grignard did not yield any 
mono- (69aa) or di-arylation (70aa) products. 
4.5.2 Suzuki and Negishi couplings of monomer derivatives 
The monomer substrates that showed high di-selectivity were subsequently tested for 




 Suzuki and Negishi 
couplings. 
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Scheme 60. sp2-sp2 Couplings of monomer derivatives mediated by PEPPSI-IPent 
 
a
 All reactions were performed on a 0.25 mmol scale of PhM. Product ratio (69:70) determined by GCMS 
analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the crude reaction mixture 
relative to Ph-M using mesitylene as an internal standard. 
b
 THF, 50 °C, 3 h. 
c
 K2CO3 (3.0 equiv.), 
1,4-dioxane, 60 °C, 12 h. 
d
 THF-NMP (1:1), 30 °C, 2 h. 
e
 Not performed. 
In all cases examined, Kumada couplings performed best, with Negishi and Suzuki 
couplings providing comparable or slightly lower selectivities, typically with lower 
yields. 
4.6 Conclusions 
The experiments covered in this chapter have demonstrated that PEPPSI-IPent is a better 
candidate than PEPPSI-IPr for our further studies on controlled polymerization of 
conjugated polymers from cheap chloroarenes.  





couplings compared to PEPPSI-IPr. This was further demonstrated in a PEPPSI 
precatalyst scan with 1,4-dichlorobenzene, where a trend in di-selectivity followed the 
size of flexible alkyl groups on the NHC ligand.  
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A large range of polychlorobenzenes were explored for their chemoselectivities with all 
functional groups showing high di-selectivity when the C-Cl bonds were meta to each 
other and even when 4 C-Cl bonds were on one benzene ring. However, di-selectivity was 
lost with regioisomers of dichloroanisole when one C-Cl bond is ortho to the methoxy 
group.  
Based on these results we propose that PEPPSI-IPent will mediate chain-growth 
polymerizations of electron-rich chloro-fluorene-, chloro-carbazole- and 
chloro-1,4-dialkoxybenzene-type monomers. Further catalyst development is needed 
before this approach can be extended to thiophene and p-type monomers. Even more 
reactive catalysts with greater steric bulk will be required for the catalyst transfer 
polymerization of electron deficient or thiophene monomers. 
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Chapter 5 – Polymerizations mediated by 
PEPPSI precatalyts 
  
Page | 96  
 
5.1. Introduction 
Inspired by previous work in our group, McNeil and co-workers demonstrated the 
PEPPSI-IPr mediated living chain growth polymerizations of both phenylene- and 
thiophene-based Grignard monomers. However, fluorene-based monomers did not 
proceed in a living manner (Scheme 61).
88
 
Scheme 61. Chain growth polymerization mediated by PEPPSI-IPr 
 
5.2. Aims 
Our research has shown that the NHC ligand on PEPPSI precatalysts dramatically affects 
the chemoselectivity of couplings between aryl dihalides with one equivalent of an 
organometallic reagent. An increase in steric bulk of flexible alkyl groups on the flanking 
aromatics of the NHC ligand resulted in an increase in preferential oxidative addition of 
palladium to the other C-X bond on the same molecule.  
We attempted to explore the effect different PEPPSI precatalysts have on the 
polymerization of Grignard monomers as described by McNeil and co-workers. 
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5.3. Kumada polymerizations of phenylene-based monomer 
5.3.1Starting material synthesis 
We attempted to replicate the results obtained by McNeil and co-workers with the 
phenylene-based monomer. We chose the phenylene-based monomer 74 as its precursor 
73 was easily accessible from cheap commercial starting materials on multigram scale 
(Scheme 62).  
Scheme 62. Synthesis of phenylene-based monomer precursor 
 
a. n-hexylbromide (2.5 equiv.), K2CO3 (2.5 equiv.), DMF, 110 °C, 24 h; b. Br2 (2.5 equiv.), CHCl3, 
0 °C - rt, 1 h. 
5.3.2 Replication of previous results 
Following the literature procedure reported by McNeil and co-workers, we formed 
monomer 74 from halogen metal exchange with i-PrMgCl and initiated the 
polymerization with PEPPSI-IPr (Scheme 63). After an acidic work up, the organic phase 
was concentrated and washed with methanol to yield the polymer without purification. 
Scheme 63. Replication of polymerization of monomer 74 mediated by PEPPSI-IPr 
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GPC analysis of the polymer showed similar chain length and distribution to the 
published data in a comparable yield. However, deeper analysis of the GPC spectra 
showed an additional peak at approximately double the molecular weight of the main 
peak (Graph 6).  
Graph 6. GPC spectrum of the P1 (Mn = 28.4 kDa, PDI = 1.18)
 
McNeil and co-workers showed that this peak was not seen in their GPC spectra at 60% 
conversion (Mn = 22.4 kDa, PDI = 1.17). Unfortunately, no GPC spectra were reported at 
a higher conversion so a direct comparison could not be made. 
This peak at higher molecular weight was not the first time a phenomenon similar to the 
one in Graph 6 has been observed. Miyakoshi et al.
103
 described a double molecular 
weight peak that was a result of disproportionation of two living polymer chains for a 
similar polymerization mediated by a nickel catalyst (Scheme 64). They stopped this peak 
from forming by quenching the polymer with 5M HCl as opposed to water. However, 
McNeil and co-workers already used 5M HCl for the quench of the polymerization of 
monomer 74. 
10 11 12 13 14 15 16
Retention time / mins
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Scheme 64. Mechanism of disproportionation upon quenching with water 
 
5.3.3 Investigation into extra peak 
Before subjecting a range of PEPPSI precatalysts to the polymerization conditions, the 
extra peak in the GPC spectra was investigated. To gauge whether this peak formed at the 
end of the polymerization when the concentration of monomer was low, or as a result of 
the long chain length of the polymer, the catalyst loading was varied (Figure 13). 
Figure 13. The effect of the catalyst loading on the polymerization of monomer 74 
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As the catalyst loading increased, the Mn and PDI decreased as expected. The prominence 
of the double molecular weight peak also decreased, but was still visible at 6% catalyst 
loading.  
The higher molecular weight peak increased the distribution of polymer chain lengths. 
We sought to optimize the conditions for the polymerization of monomer 74 to stop this 
peak from forming, resulting in an even more controlled polymerization.  
This was achieved serendipitously by leaving the halogen metal exchange to form 
monomer 74 for a longer period of time. Instead of allowing the monomer synthesis to be 
left overnight (16 hours), a batch of monomer 74 was left for 72 hours under an 
atmosphere of nitrogen. The polymerization with monomer 74 that had been left for 
longer led to a unimodal distribution of molecular weight. The Mn was higher (35.8 kDa) 
and the PDI reduced to just 1.11 (Graph 7).  
Graph 7. Comparison of reported monomer synthesis for different lengths of time
 
This result suggested that the source of the extra peak at higher molecular weight was a 
result of how monomer 74 was formed. Therefore, the halogen metal exchange procedure 
was modified to repeat this result. 
11 12 13 14 15 16
Retention time / mins
72 h
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5.3.4 Optimization of monomer synthesis 
Extending the period of time the monomer was left stirring eliminated the extra peak at 
higher molecular weight. We optimized the monomer formation to obtain the best Mn and 
PDI (Table 7).  
Table 7. Different conditions for the synthesis of monomer 74 and subsequent polymerization 
  
Entry Conditions Mn / kDa PDI Yield 
1 0.65 M i-PrMgCl in THF, rt, 16 h 28.4 1.18 73% 
2 
1.8 M i-PrMgCl in THF, rt, 16h then 
0.65 M in THF, 4 h 
37.7 1.10 95% 
Performing the monomer synthesis in the minimum amount of THF for the addition of 
i-PrMgCl followed by dilution gave the best polymer properties. The optimized 
conditions for the monomer synthesis not only eliminated the higher molecular weight 
peak but also increased the Mn (37.7 kDa) and lowered the PDI to just 1.10. Thus the 
properties of the polymer were dramatically improved with a small change in the 
monomer synthesis. 
5.3.5 Addition of additives 
The monomer synthesis used an excess of dibromide 73 (1 equiv.) relative to i-PrMgCl 
(0.9 equiv.) and therefore dibromide 73 was present in the polymerization. McNeil and 
co-workers have already demonstrated that the excess dibromide does not greatly affect 
the polymerization by PEPPSI-IPr. However, 
1
H NMR and GC-MS analysis of the 
monomer after a quench with iodine showed that there was some protodehalogenated 
monomer (75) present as well. 
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With the effect of impurity 75 on the polymerization unknown, an additional 
0.5 equivalents of the additive, relative to the amount of monomer was added to observe 
if the impurity 75 had an effect on the polymerization. 
Table 8. The effect of additives 73 and 75 in the polymerization 
 
Entry Additive Mn / kDa PDI 
1 None 37.7 1.10 
2 73 37.0 1.11 
3 75 40.4 1.10 
The addition of both dibromide 73 and impurity 75 had a minimal effect on the 
polymerization mediated by PEPPSI-IPr. The PDI remained constant and the Mn 
increased only slightly with the addition of impurity 75. 
5.4 Comparison of model reactions and polymerizations of PEPPSI 
precatalysts 
5.4.1 Chemoselective couplings of dibromide monomer substrate 
The conditions used for the Kumada couplings in the previous chapter were different to 
that used for the polymerization. The temperature, catalyst loading, concentration and 
reaction time were all variables that were different. Therefore the chemoselective 
coupling of the phenylene-based monomer substrate 76 was performed mediated by 
PEPPSI precatalysts under the previously described polymerization conditions (Table 9). 
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Table 9. Kumada coupling of dibromo phenylene-based substrate 76 mediated by PEPPSI precatalysts 
 
Entry PEPPSI- 77 : 78 Yield 
1 IMes (R = R’ = Me) 32 : 68 <5% 
2 IEt (R = Et, R’ = H) 10 : 90 18% 
3 IPr (R = CHMe2, R’ = H) 2 : 98 68% 
4 IPent (R = CHEt2, R’ = H) 3 : 97 98% 
a
 All reactions were performed on a 0.25 mmol scale of PhMgBr. THF, 50 °C, 3 h. Product ratio (77:78) 
determined by GCMS analysis of the crude reaction mixture. Yield determined by 
1
H NMR analysis of the 
crude reaction mixture relative to PhMgBr using mesitylene as an internal standard. L = 3-chloropyridine. 
Unsurprisingly, the more steric bulk on the NHC ligand the greater the di-selectivity of 
the coupling and the greater the yield. Both, PEPPSI-IPr and -IPent both showed 
comparable selectivities for this coupling, suggesting a similar PDI should be observed 
with polymerization.  
The results suggest that an excellent di-selectivity with a good yield is needed for a 
PEPPSI precatalyst to be a candidate to initiate chain growth polymerizations. This was 
encouraging as the selectivity for the dichloro phenylene-based derivative showed the 
same selectivity (3:97) when mediated by PEPPSI-IPent. 
5.4.2 Polymerization of phenylene-based monomer mediated by PEPPSI precatalysts 
With optimized conditions for the polymerization of the phenylene-based monomer 
mediated by PEPPSI-IPr, we looked to gauge the effect of the NHC ligand on the PEPPSI 
precatalysts with respect to the polymerization. The same four PEPPSI precatalysts were 
used as in Table 9 to compare the relative product ratios in the chemeoselective couplings 
with dibromide 76 to the Mn and PDI of the polymers obtained. 
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PEPPSI-IMes, -IEt and -IPr all resulted in similar Mn, however, PEPPSI-IPent only 
showed polymer lengths approximately half of the others. There was a clear trend 
between the size of the steric bulk of the alkyl groups on the NHC and the polymer chain 
lengths. Surprisingly, the smaller the steric bulk on the NHC, the longer the polymer 
chains.  
Although the Mn for the PEPPSI-IPent polymerization was lower than the others, it was 
still higher than the ideal living polymerization of 18.8 kDa. This result suggested that 
PEPPSI-IPent is more easily activated by the monomer than the other PEPPSI 
precatalysts at the start of the polymerization. 
PEPPSI-IMes gave the highest PDI (1.80) which was reduced significantly when 
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distributions of polymer lengths (PDI = 1.10 and 1.08, respectively).  PEPPSI-IMes (95% 
yield), -IEt (96% yield) and -IPr (95% yield) showed excellent yields for the 
polymerization. Unfortunately, PEPPSI-IPent gave a much lower yield (59% yield) 
suggesting catalyst poisoning occurs during the reaction. 
5.4.3 Comparison of polymerization properties to chemoselective couplings 
There appeared to be a correlation between the di-selectivity of the coupling (Table 9) 
and the PDI of the polymer formed (Figure 14). A product ratio for the coupling of aryl 
dibromides of greater than 10:90 resulted in a low distribution of polymer chain lengths 
(PDI<1.28). 
Interestingly the yield of the di-selective couplings appears not to give an indication of 
whether a PEPPSI precatalyst will mediate a polymerization in a high yield or give a high 
Mn. PEPPSI-IMes showed almost no yield in the chemoselective couplings, but an 
excellent yield for the polymerization of monomer 74 where Mn = 39.9 kDa. 
The degree of polymerization appeared to be independent of how chemoselective a 
coupling was or its respective yield. It is more likely controlled by the amount of 
precatalyst activated at the start of the polymerization. 
5.5 Block homo-polymerization 
With PEPPSI-IPent showing a low Mn relative to PEPPSI-IPr and a lower yield, we 
investigated if PEPPSI-IPent was still ‘living’ by repeating the block homo-
polymerization experiment described by McNeil and co-workers. Instead of adding one 
additional portion of 38 equivalents of monomer 74, we added two lots of 38 equivalents 
for both PEPPSI-IPr and PEPPSI-IPent (Figure 15). 
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Figure 15. Block homo-polymerization of monomer 74 mediated by PEPPSI-IPr and -IPent 
  
 
Both PEPPSI-IPr and -IPent gave a linear increase in the Mn, maintaining a low PDI 
showing both catalysts proceed in a chain growth manner. PEPPSI-IPr showed a slight 
increase in the PDI upon the third addition of monomer 74 suggesting some catalyst chain 
termination by catalyst decomposition occurred. In contrast, PEPPSI-IPent did not show 
an increase in the PDI even after the third addition of monomer. 
5.6 Suzuki polymerizations 
With the Kumada polymerization mediated by PEPPSI-IPr showing chain growth 
polymerization, we looked to expand the scope of the polymerizations mediated by 
PEPPSI-IPr to the Suzuki coupling. The conditions used for chemoselective couplings in 
Chapter 4 were modified to be similar to the polymerization procedure for the Kumada 
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changing the solvent and the addition of potassium carbonate as a base was needed for the 
catalytic cycle (Scheme 65).  
Scheme 65. Polymerization of monomer 79 mediated by PEPPSI-IPr (1) 
 
The polymerization was performed at both 30 and 60 °C; unfortunately both failed to 
undergo significant polymerization. Subsequently, the conditions for the Suzuki 
polymerization were changed to convert the solvent back to THF and the base to KOH 
(Scheme 66).  
Scheme 66. Polymerization of monomer 79 mediated by PEPPSI-IPr (2) 
 
The change in conditions increased the Mn, however the PDI was large at both 30 and 
60 °C and the polymer chain length was considerably shorter than the Kumada 
polymerization. The polymerization at 60 °C showed a higher Mn and lower PDI. The 
Suzuki polymerization appeared to need significant optimization to assess if PEPPSI-IPr 
can undergo chain growth polymerization which could open the path to new monomer 
substrates that can undergo chain growth polymerization. 
5.7 Negishi polymerization 
Similar to the initial work on the Suzuki coupling, the Kumada conditions were modified 
to the conditions for di-selective Negishi couplings described in Chapter 4. The optimized 
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Retention time / mins
conditions for monomer 74 were modified to add a THF solution of ZnCl2 instead of THF 
for the transmetallation to form monomer 80. NMP was added at the end of the monomer 
synthesis to limit the effect the water content would have on quenching the organozinc 80 
during the polymerization. 







The polymerization resulted in a polymer with very long chain lengths, but also a large 
distribution of polymer chain lengths. Unfortunately the polymerization was polymodal in 
the GPC spectrum significantly increasing the PDI and lowering the Mn. The polymer 
lengths and distribution suggested a PEPPSI-IPr was not being activated by the monomer 
at the start of the reaction or underwent a catalyst poisoning side reaction.  
The initial work on both the Negishi and Suzuki polymerizations mediated by PEPPSI-IPr 
suggested that the Kumada coupling was the best for chain growth polymerization. For 
this reason, researched focused on the Kumada polymerization of Grignard monomers 
with C-Cl bonds. 
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5.8 First attempt at Kumada polymerization of ClArMgCl monomer 
Both PEPPSI-IPr and PEPPSI-IPent showed excellent control over the distribution of 
polymer chain lengths in the polymerization of phenylene-based monomer 74. Excellent 
di-selectivity (3:97≤) in chemoselective couplings with dihalides appeared to be needed 
for chain growth polymerization to occur. High di-selective couplings with the 
phenylene-based dichloride substrate mediated by PEPPSI-IPent were already obtained 
(3:97, Chapter 4). Therefore we aimed to synthesize a phenylene-based monomer for the 
polymerization by C-Cl coupling mediated by PEPPSI-IPent. 
Using the transformation of an arylboronic acid to an aryl chloride described by Wu et 
al.
104
 the monomer precursor 81 was synthesized in good yield (Scheme 9).  
Scheme 67. Synthesis of monomer precursor 81 
 
Monomer precursor 81 was subsequently submitted to the optimized conditions for 
halogen metal exchange to synthesize monomer 82. The monomer was subsequently 
polymerized by a series of PEPPSI precatalysts using the conditions for the bromide 
polymerization (Table 10). 
  
Page | 110  
 
Table 10. Polymerization of monomer 82 mediated by PEPPSI precatalysts 
 
Entry PEPPSI Time Mn / kDa PDI 
1 IMes 1.5 h 1.10 1.15 
2 IEt 1.5 h 1.34 1.35 
3 IPr 1.5 h 4.72 1.89 
4 IPr 18 h 4.79 1.80 
5 IPent 1.5 h 4.65 1.67 
6 IPent 18 h 4.98 1.77 
Unfortunately, the series of PEPPSI precatalysts tested did not show the expected control 
of polymer chain lengths or a large degree of polymerization. PEPPSI-IMes and 
PEPPSI-IEt showed lower Mn after 1.5 hours compared to both PEPPSI-IPr and -IPent. 
The polymerization mediated by PEPPSI-IPr and –IPent showed minimal change in the 
polymer properties between 1.5 and 18 hours. PEPPSI-IPent appears to show a smaller 
distribution of polymer chain lengths than PEPPSI-IPr, however not significantly. 
Overall the polymerizations of monomer 82 did not achieve the expected control over the 
polymerization. The monomer precursor 81 was taken forward to the polymerization from 
the Grignard monomer synthesis. This is thought to have dramatically affected the 
polymerization. The presence of the C-Br bond in the polymerization would have allowed 
for preferential oxidative addition to aryl bromide 81 over monomer 82, hindering the 
polymerization. The formation of monomer 82 without the presence of C-Br bond 
appears necessary to test if it is a living polymerization with PEPPSI precatalysts.  
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5.9 Conclusions  
Repetition of the reported polymerization of monomer 74 mediated by PEPPSI-IPr 
resulted in the discovery of an additional peak at higher molecular weight than the main 
peak in the GPC spectra. This peak was broadening the PDI and was found to be coming 
from the monomer synthesis procedure. Optimization of the monomer procedure resulted 
in the suppression of the higher molecular weight peak, an increase in Mn and lowering of 
PDI. 
Comparison of the chemoselective couplings between dibromide 76 and PhMgBr and the 
polymerization of monomer 74 mediated by PEPPSI precatalysts showed promising 
results. PEPPSI-IEt showed a di-selectivity of 1:9 which resulted in large Mn (40.8 kDa) 
with a low PDI (1.28). Although PEPPSI-IPent gave a lower Mn than PEPPSI-IPr, block 
homo-polymerization showed the polymerization to still be living. 
Initial attempts to expand the scope of the chain growth polymerizations mediated by 
PEPPSI-IPr to other cross couplings were unsuccessful. The Suzuki polymerizations 
achieved a high degree of polymerization and the Negishi polymerization gave a very 
high distribution. Both need significant optimization to ascertain if chain growth 
polymerization is achievable.  
Finally the polymerization of ClArMgCl monomer 82 was attempted mediated by 
PEPPSI precatalysts. Unfortunately a low degree of polymerization was obtained with a 
broad distribution of polymer lengths. Aryl bromide 81 was thought to be the underlying 
factor for why the polymerizations failed to proceed in a chain growth manner.  
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5.10 Future work 
Our polymerization studies have focused on the easily accessible PEPPSI precatalysts 
discovered by Organ and co-workers. Different Pd-NHC precatalysts could be tested in 
model reactions and under the polymerization conditions to identify the key structural 





 [Pd(ITent)(acac)Cl] or [Pd(ITent)(cinnamyl)Cl].
102
 
Our first attempts at Suzuki and Negishi polycondensations in a chain-growth manner 
were not successful. Further optimisation of reaction conditions is needed to better 
identify if PEPPSI-IPr will be able to polymerize monomers not accessible by nickel 
complexes in the Kumada catalyst transfer polymerizations. 
With regard to the PEPPSI mediated polymerization of chloroarene monomers, 
polymerization of Grignard monomer 82 with the addition of extra precursor 81 is needed 
to confirm if it is detrimental to the polymerizations as suspected. If so, a new synthetic 
route to the Grignard monomer 82 is needed to potentially enable catalyst-transfer 
polycondensation as model reactions predicted. 
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Chapter 6 – Experimental 
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6.1 General Experimental 
All reagents were purchased from Sigma Aldrich, Alfa Aesar, Matrix Scientfic or Fluka, 
and were used without further purification unless otherwise stated. THF, DMF, CH2Cl2, 
diethyl ether and toluene were obtained anhydrous from an MBraun MB SPS-800 solvent 
purification rig. Nitrogen used for inert atmosphere was oxygen-free grade. Thin layer 
chromatography was performed on either silica gel 60F254 plates (Merck). Manual flash 
chromatography was performed on silica gel (VWR, 40-63 µm). Automated flash 
chromatography was performed using Varian Intelliflash, or Biotage Isolera-4 automated 
chromatography systems, employing Varian Superflash, or Biotage SNAP or ZIP 
cartridges.  
Melting points were measured on a Stuart SMP3 melting point apparatus and are 
uncorrected.
1
H NMR and 
13
C NMR were recorded using a Bruker AV400 or a Bruker 
AMX400 and normalized on the signal of tetramethylsilane (TMS). Coupling constants 
(J) are reported in hertz (Hz). The multiplicities are expressed as follows: s = singlet, d = 
doublet, t = triplet, q = quartet, m = multiplet and combinations of the above for more 
complex patterns. Gel Permeation Chromatography: Polymer molecular weights were 
determined by comparison with polystyrene standards (Varian, EasiCal PS-2 MW 580-
377,400) on a Agilent Infinty 1290 HPLC instrument equipped with 2 Agilent Plgel (5 
µm, Mixed D) columns in sequence and analyzed with Agilent Infinity 1260 Refractive 
Index Detector eluted in THF. Samples were dissolved in THF (with mild heating) and 
passed through a 0.2 µm PTFE filter prior to analysis. IR spectra were recorded on a 
Perkin Elmer Spectrum 65 IR spectrometer equipped with ATR accessory. Low 
resolution mass spectrometry was carried out by the mass spectrometry services at the 
Queen Mary University of London. High resolution mass spectrometry was carried out by 
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the EPSRC National Mass Spectrometry Centre in Swansea. Water is always intended as 
distilled water and was obtained from an Elga Purelab Option distillation system.  
6.2 Chapter 2 Experimental 
6.2.1 General remarks 
All PEPPSI-IPr mediated cross-couplings were performed with equal amounts of aryl 
halide and organometallic, unless otherwise stated. The crude reaction mixture was 
analysed by 
1
H NMR and GC-MS relative to an internal standard unless otherwise stated. 
Due to the intractable nature of the starting material and products they were not isolated 
to give a gravimetric yield. Instead the crude 
1
H NMR was analysed relative to similar 
products published in the literature along with GC-MS spectra. 




 A Schlenk flask was charged with zinc powder (2.45 g, 
37.5 mmol) and iodine (320 mg, 1.25 mmol), sealed, purged with N2 and anhydrous DMI 
(25 mL) was added. 1-Bromobutane (2.7 mL, 25 mmol) was added to the suspension and 
the mixture stirred vigorously at 80 ºC for 4 h. The mixture was allowed to cool to rt and 
the molarity of the n-BuZnBr solution produced determined (vide infra). 
Titration of organometallics:
106
 A CEM microwave vial was charged with iodine (0.127 
g, 0.50 mmol), sealed, purged with N2 and anhydrous LiCl (0.5 M in THF, 2.0 mL, 1.0 
mmol) was added. The resulting brown solution was cooled to 0 ºC and organometallic 
was added dropwise until the solution became colourless which indicated consumption of 
one equivalent (0.50 mmol) of organometallic.  






 Negishi coupling: In air, a CEM microwave vial equipped 
with a stirrer bar was charged with PEPPSI-IPr (3.5 mg, 5.0 µmol), and if solid at rt, the 
aryl halide (0.25 mmol) was added. The vial was sealed and flushed with N2 and 
anhydrous LiBr (0.33 M in THF, 0.75ml, 0.50 mmol) was added via syringe and the 
solution was stirred at 25 °C. If the aryl halide was a liquid at room temperature, it was 
added right after the addition of LiBr. n-BuZnBr (0.66 M in DMI, 350 µL, 0.25mmol) 
was then added via syringe and the solution was stirred for 2 h at which time an internal 
standard was added, mesitylene or p-xylene (0.5 M in CDCl3, 0.50 mL, 0.25 mmol) and 
the crude reaction mixture was analysed by GC-MS and 
1
H NMR. 




 Negishi competition coupling: Following the Negishi 
coupling procedure, 0.25 mmol of the competing aryl chlorides was added before the 
addition of the n-BuZnBr. 
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6.2.3 Starting material synthesis 
 
2,4-Dichloro-6-methylaniline (S1, 880 mg, 5.0 mmol) was dissolved in EtOH (20 mL) 
and the solution cooled to 0 °C. Conc. H2SO4 (1.8 mL) was added drop-wise and the 
mixture allowed to warm to rt. NaNO2 (1.06 g, 12.5 mmol) was added portion-wise and 
the reaction mixture stirred at 75 °C for 3 h. The reaction mixture was cooled to rt and 
poured onto ice (20 g). The precipitate was collected by suction filtration, washed with 
H2O (10 mL), dissolved in CH2Cl2, dried over MgSO4, and concentrated in vacuo. The 
residue was dissolved in petrol, filtered through a SiO2 plug and concentrated in vacuo to 





H NMR (400 MHz, CDCl3) δ 7.20 – 7.12 (m, 1H, Hc), 7.09 – 7.02 (m, 2H, Hb)  
2.32 (s, 3H, Ha); 
13
C NMR (101 MHz, CDCl3) δ 141.3, 134.7, 127.7, 125.8, 21.2.  
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6.2.4 Experimental Data 
Table 2 




rt, 2 h25a, 1 equiv. 26a 27a
Br Br BuBr Bu Bu
H H H
 




 Negishi couplings employing 
1,3-dibromobenzene (59 mg, 0.25 mmol) a product mixture of 26a and 27a is obtained in 
a <1 : >99 ratio by GC-MS analysis and in a <5 : >95 ratio by 
1
H NMR analysis. 
1
H NMR analysis using mesitylene as internal standard indicated a 98% yield of 26a+27a 
based on n-BuZnBr. Product 
1
H NMR signals in the crude were assigned by analogy with 
1-bromo-3-n-butylbenzene 26a
108
 and 1,3-di(n-butyl)benzene 27a.
109
  
BG525 1,3Br BuZnBr IPr.esp
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Table 2, Entry 2: 
 




 Negishi couplings employing 3,5-dibromotoluene 
(63 mg, 0.25 mmol) a product mixture of 26b and 27b is obtained in a <1 : >99 ratio by 
GC-MS analysis and in a <5 : >95 ratio by 
1
H NMR analysis. 
1
H NMR analysis using 
mesitylene as internal standard indicated a 90% yield of 26b+27b based on n-BuZnBr. 
1
H 






BG222 3,5 Br Me xyl BuZnBr IPr.esp
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Table 2, Entry 3: 
 




 Negishi couplings employing 3,5-dibromoanisole 
(67 mg, 0.25 mmol) a product mixture of 26c and 27c is obtained in a <1 : >99 ratio by 
GC-MS analysis and in a <5 : >95 ratio by 
1
H NMR analysis. 
1
H NMR analysis using 
p-xylene as internal standard indicated a 94% yield of 26c+27c based on n-BuZnBr.
 1
H 






BG526 3,5Br OMe BuZnBr IPr.esp
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rt, 2 h25d, 1 equiv. 26d 27d
Br Br BuBr Bu Bu
F F F
 




 Negishi couplings employing 
1,3-dibromo-5-fluorobenzene (64 mg, 0.25 mmol) a product mixture of 26d and 27d is 





H NMR analysis using mesitylene as internal standard indicated a 92% yield of 
26d+27d based on n BuZnBr. 
1




BG527 3,5Br F BuZnBr IPr.esp
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 Negishi couplings employing 
1-methyl-3,5-dibromobenzoate (74 mg, 0.25 mmol) a product mixture of 26e and 27e is 





H NMR analysis using mesitylene as internal standard indicated a 88% yield of 
26e+27e based on n-BuZnBr. 
1
H NMR signals in the crude were assigned by analogy 
with 3-bromo-5-methylbenzoate
110
 and methyl 3,5-di(n-butyl)benzoate 27e.
115
 
BG199 3,5Br COOMe BuZnBr IPr.esp
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Table 3 
Table 3, Entry 1: 
 




 Negishi couplings employing 
1,3-dichlorobenzene (29 µL, 0.25 mmol) a product mixture of 29a and 27a is obtained in 
a 56 : 44 ratio by GC MS analysis and in a 65 : 35 ratio by 
1
H NMR analysis. 
1
H NMR 
analysis using mesitylene as internal standard indicated a 89% yield of 29a+27a based on 
n BuZnBr. 
1
H NMR signals in the crude were assigned by analogy with 1-chloro-3-n-
butylbenzene 29a
109
 and 1,3-di(n-butyl)benzene 27a.
109
 
BG261 1,3CL BUZNBR IPR.ESP
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Table 3, Entry 2: 
 




 Negishi couplings employing 
1,3-dichloro-5-fluorobenzene (30 µL, 0.25 mmol) a product mixture of 29b and 27b is 
obtained in a 3 : 97 ratio by GC-MS analysis and in a <5 : >95 ratio by 
1
H NMR analysis. 
1
H NMR analysis using mesitylene as internal standard indicated a 78% yield of 29b+27b 
based on n BuZnBr. 
1




BG270 3,5CL F BUZNBR IPR.ESP
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rt, 2 h28c, 1 equiv. 29c 27c
Cl Cl BuCl Cl Bu
CF3 CF3 CF3
 




 Negishi couplings employing 
1,3-dichloro-5-(trifluoromethyl)benzene (37 µL, 0.25 mmol) a product mixture of 29c 
and 27c is obtained in a 6 : 94 ratio by GC-MS analysis and in a <5 : >95 ratio by 
1
H NMR analysis. 
1
H NMR analysis using mesitylene as internal standard indicated a 
80% yield of 29c+27c based on n-BuZnBr. 
1
H NMR signals in the crude were assigned 
by analogy with 5-trifluoromethyl-m-xylene.
116
 
BG349 3,5CL CF3 BUZNBR IPR.ESP
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 Negishi couplings employing 3,5-dichlorotoluene 
(40 mg, 0.25 mmol) a product mixture of 29d and 27d is obtained in a 6 : 94 ratio by 
GC-MS analysis and in a <5 : >95 ratio by 
1
H NMR analysis. 
1
H NMR analysis using 
mesitylene as internal standard indicated a 62% yield of 29d+27d based on n-BuZnBr. 
1
H 






BG348 3,5CL ME BUZNBR IPR.ESP
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rt, 2 h28e, 1 equiv. 29e 27e
Cl Cl BuCl Cl Bu
OMe OMe OMe
 




 Negishi couplings employing 3,5-dichloroanisole 
(45 mg, 0.25 mmol) a product mixture of 29e and 27e is obtained in a 4 : 96 ratio by 
GC-MS analysis and in a <5 : >95 ratio by 
1
H NMR analysis. 
1
H NMR analysis using 
mesitylene as internal standard indicated a 92% yield of 29e+27e based on n-BuZnBr. 
1
H 
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rt, 2 h28f, 1 equiv. 29f 27f
Cl Cl BuCl Cl Bu
CN CN CN
 




 Negishi couplings employing 
3,5-dichlorobenzonitrile (43 mg, 0.25 mmol) a product mixture of 29f and 27f is obtained 
in a 76 : 34 ratio by GC-MS analysis and in a 91 : 9 ratio by 
1
H NMR analysis. 
1
H NMR 
analysis using mesitylene as internal standard indicated a 50% yield of 29f+27f based on 
n-BuZnBr. 
1






BG271 3,5CL CN BUZNBR IPR.ESP
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Table 4 
Table 4, Entry 1 
 




 Negishi competition couplings employing 
1,3-dichloro-5-(trifluoromethyl)benzene (37 µL, 0.25 mmol) and 1,3-dichlorobenzene 
(29 µL, 0.25 mmol) a product mixture of 29c, 27c, 29a and 27a was obtained. A product 
mixture of 29c and 27c is obtained in a 12 : 88 ratio by GC-MS analysis and a ratio by 
1
H 
NMR analysis could not be obtained due to overlapping peaks. 
1
H NMR indicated a 67% 
yield of 29c+27c using mesitylene as internal standard n-BuZnBr. A product mixture of 





H NMR analysis indicated a 33% yield of 29a+27a using mesitylene as 
internal standard n-BuZnBr. Product 
1
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BG529 1,3Cl v 3,5Cl CF3 BuZnBr IPr.esp
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Table 4, Entry 2 
 




 Negishi competition couplings employing 
3,5-dichloroanisole (45 mg, 0.25 mmol) and 1,3-dichlorobenzene (29 µL, 0.25 mmol) a 
product mixture of 29e, 27e, 29a and 27a was obtained. A product mixture of 29e and 





H NMR analysis indicated a 14% yield of 29e+27e using mesitylene as internal 
standard n-BuZnBr. A product mixture of 29a and 27a is obtained in a 48 : 52 ratio by 
GC-MS analysis and a ratio of 57 : 43 by 
1
H NMR analysis. 
1
H NMR analysis indicated a 
86% yield of 29a+27a using mesitylene as internal standard n-BuZnBr. Product 
1
H NMR 
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BG540 1,3Cl v 3,5Cl OMe BuZnBr IPr.esp
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Table 4, Entry 3 
 




 Negishi competition couplings employing 
3,5-dichloro-1-fluorobenzene (30 uL, 0.25 mmol) and 1,3-dichlorobenzene (29 mg, 
0.25 mmol) a product mixture of 29b, 27b, 29a and 27a was obtained. A product mixture 
of 29b and 27b is obtained in a ratio of <5 : >95 by 
1
H NMR analysis. 
1
H NMR analysis 
indicated a 49% yield of 29b+27b using mesitylene as internal standard n-BuZnBr. A 
product mixture of 29a and 27a is obtained in a ratio of 67 : 33 by 
1
H NMR analysis. 
GC-MS ratios could not be obtained due to the overlap of peaks. 
1
H NMR analysis 
indicated a 49% yield of 29a+27a using mesitylene as internal standard n-BuZnBr. 
Product 
1
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BG262 1,3CL V 3,5CL F BUZNBR IPR.ESP
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Table 4, Entry 4 
 




 Negishi competition couplings employing 
3,5-dichlorobenzonitrile (43 mg, 0.25 mmol) and 1,3-dichlorobenzene (29 µL, 
0.25 mmol) a product mixture of 29f, and 27f was obtained. A product mixture of 29f and 





H NMR analysis indicated a 55% yield of 29f+27f using mesitylene as internal 
standard n-BuZnBr. No 29a and 27a were observed by 
1
H NMR analysis. Product 
1
H 
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BG393 1,3Cl v 3,5Cl CN BuZnBr IPr.esp
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Table 4, Entry 5 
 




 Negishi competition couplings employing 
3,5-dichlorobenzonitile (43 mg, 0.25 mmol) and 3,5-dichloro-1-fluorobenzene (30 uL, 
0.25 mmol) a product mixture of 29f, 27e, 29b and 27b was obtained. A product mixture 
of 29e and 27e is obtained in a 88 : 12 ratio by GC-MS analysis and a ratio by 
1
H NMR 
analysis could not be obtained. 
1
H NMR analysis indicated a 42% yield of 29e+27e using 










  and 3,5-fluoro-m-xylene.
114
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BG395 3,5Cl F v 3,5Cl CN BuZnBr IPr.esp

































 Negishi couplings employing 
1,3,5-trichlorobenzene (46 mg, 0.25 mmol) a product mixture of S2, S3 and S4 is 





H NMR analysis using mesitylene as internal standard indicated a 89% yield of 









 and 3,5-dichlorotoluene (28d). 
BG291 1,3,5CL BUZNBR IPR.ESP
7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70
Chemical Shift (ppm)
0.810.050.074.001.72


























 Negishi couplings employing 1-bromo-
3,5-dichlorobenzene (57 mg, 0.25 mmol) a product mixture of S2, S3 and S4 is obtained 
in a 9 : 15 : 76 ratio by GC-MS analysis and in a <5 : 17 : >78 ratio by 
1
H NMR analysis. 
1
H NMR analysis using mesitylene as internal standard indicated a 93% yield of S3+S4 
based on n-BuZnBr.
 1





 and 3,5-dichlorotoluene (28d). 
 
BG546 3,5Cl Br BuZnBr IPr.esp
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6.2.5 Variation in reaction conditions 





 Negishi coupling procedure for the coupling of 1,3-dichlorobenzene mediated by 
PEPPSI-IPr unless stated otherwise. 
 
Key peaks in the crude 
1
H NMR used to calculate the product ratios are shown, along 
with the internal standard (mesitylene). 
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6.3 Chapter 3 Experimental 
6.3.1 Attempted synthesis of 33d 
 
An oven-dried CEM vial equipped with a stirrer bar was charged with 2,6-dibromoaniline 
(40, 125 mg, 0.50 mmol) and PEPPSI-IPent (35d, 7.9 mg, 2 mol%). The vial was sealed, 
purged with nitrogen and anhydrous toluene (2.0 mL) added. The solution was cooled to 
0 °C in an ice bath and 3-pentylzinc bromide (42, 4.0 ml, 2.0 mmol, 0.50 M in THF) was 
added slowly via syringe over 2 mins. The ice bath was removed after the addition and 
the reaction was stirred at rt for 3h. The reaction mixture was then quenched by addition 
of 1 M HCl (aq., 25 mL), extracted with AcOEt (3 × 25 mL), and the combined organic 
phases washed with brine (50 mL). The organic layer was dried over anhydrous MgSO4, 
filtered, and concentrated in vacuo. The resulting residue was purified by flash column 
chromatography (0 – 67% Et2O/Petrol) as an eluent to afford the product mixture. The 
ratio of the 33d to its regioisomers could not be determined readily by 
1
H NMR 
spectroscopic analysis. The ratio of 2-(2-pentyl)-6-(3-pentyl)aniline 43a + 2,6-di(2-
pentyl)aniline 43b to 2,6-di(3-pentyl)aniline 33d regioisomers appears to be 46 : 54, 
respectively, based on protons a and b displayed in the 
1
H NMR below.  
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 A solution of 2,6-dibromoaniline (40, 5.0 g, 
19.9 mmol) in conc. HCl (aq., 7.9 mL) was cooled in an ice bath. A solution of NaNO2 
(1.43 g, 20.9 mmol) in water (44 mL) was added dropwise. The resulting solution was 
stirred at 0 °C for 30 min and then added at once to a solution of pyrrolidine (2.86 g, 39.8 
mmol) and K2CO3 (13.7 g, 99.5 mmol) in 1 : 2 MeCN / water (25 mL). The reaction 
mixture was stirred for 30 mins at 0 °C and extracted with CH2Cl2 (3 × 50 mL). The 
combined organic layers were washed with brine (2 × 100 mL), dried over anhydrous 
MgSO4, filtered and concentrated in vacuo. The crude product was purified by flash 
column chromatography using CH2Cl2 : petrol (1 : 1) as an eluent to give 
1-(2,6-dibromophenylazo)pyrrolidine (44) as a yellow liquid (3.03 g, 45% yield).  
1
H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.0 Hz, 2H, Hd), 6.84 (t, J = 8.0 Hz, 1H, Hc), 
3.96 (s, 2H, Hb), 3.73 (s, 2H, Hb), 2.08 (s, 4H, Ha).  
 
1-(2-bromo-6-(3-hydroxy-3-pentyl)phenylazo)pyrrolidine (45): To a solution of 1-(2,6-
dibromophenylazo)pyrrolidine (44) (2.0 g, 6.0 mmol) in anhydrous THF (1.5 mL) was 
slowly added i-PrMgCl·LiCl (3.3 mL, 6.6 mmol, 2.0 M in THF) at –40 °C. The reaction 
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temperature was gradually increased to –15 °C. After 2.5 h, a complete conversion to the 
Grignard reagent was observed as indicated by GC-analysis of hydrolyzed reaction 
aliquots. 3-Pentanone (1.27 mL, 12.0 mmol) in anhydrous THF (6.0 mL) was added and 
the reaction mixture was allowed to warm to rt then quenched with MeOH (5.0 mL). The 
reaction mixture was concentrated in vacuo and redissolved in CH2Cl2. The organic phase 
was washed with 1M HCl (aq., 2 × 50 mL) and brine (50 mL), dried over anhydrous 
MgSO4, filtered and concentrated in vacuo. Purification by flash column chromatography 
using CH2Cl2 : AcOEt (3 : 7) rising to AcOEt as an eluent to give alcohol 45 as a brown 
solid (1.64 g, 80 % yield). Melting point: 42 - 44 °C; 
1
H NMR (400 MHz, CDCl3) δ 7.48 
(dd, J = 7.9, 1.1 Hz, 1H, He), 7.17 (dd, J = 7.9, 1.0 Hz, 1H, Hg), 6.96 (t, J = 7.9 Hz, 1H. 
Hf), 5.89 (s, 1H, Hh), 3.99 (s, 2H, Hb), 3.69 (s, 2H, Hb), 2.08 (s, 4H, Ha), 1.87 (dq, J = 
14.7, 7.4 Hz, 2H, Hd), 1.70 (dq, J = 14.6, 7.4 Hz, 2H, Hd), 0.79 (t, J = 7.4 Hz, 6H, Hc); 
13
C NMR (101 MHz, CDCl3) δ 147.9, 140.6, 132.7, 126.9, 125.6, 115.8, 79.4, 51.5, 46.8, 





) 3352, 2968, 2876, 1444, 1411, 1353, 1312, 970, 795, 781, 753, 733.  




 2-Nitro-m-xylene (49, 15.0 g, 99.2 mmol) and NaOH (6.0 
g, 150 mmol) were added to water (750 mL) and heated to 95 °C. KMnO4 (70 g, 443 
mmol) was then added slowly for 2.5 hours before being refluxed for 20 hours. The 
reaction was cooled and then filtered. The filtrate was acidified with 2M HCl (aq.) to 
yield a white precipitate and filtered through a sinter funnel. The residue was washed 
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from the sintered funnel with acetone, and dried in vacuo to yield diacid 49 as a white 
precipitate (12.9 g, 61% yield). Melting point: >250 °C; 
1
H NMR (400 MHz, DMSO) 
δ 8.18 (d, J = 7.8 Hz, 2H, Hb), 7.80 (t, J = 7.8 Hz, 1H, Ha); 
13
C NMR (101 MHz, DMSO) 
δ 164.2, 148.8, 134.6, 131.2, 124.9. 
 
Diethyl 2-nitroisophthalate (50): Thionyl chloride (15.4 mL, 214 mmol) was added 
dropwise to a stirred solution of 2-nitroisophthalic acid (49, 11.3 g, 53.5 mmol) in EtOH 
(230 mL, dried over anhydrous MgSO4) at 0 °C under nitrogen. The reaction mixture was 
stirred at 70 °C for 20 hours. The reaction mixture was concentrated in vacuo and 
dissolved in CH2Cl2 (250 mL). The organic mixture was washed with saturated NaHCO3 
(aq., 250 mL), dried over anhydrous MgSO4, filtered and concentrated in vacuo to give 
diethyl ester 50 as a white powder (11.5 g, 80% yield). Melting point: 85-87 °C; 
1
H NMR 
(400 MHz, CDCl3) δ 8.18 (d, J = 7.8 Hz, 2H, Hc), 7.64 (t, J = 7.8 Hz, 1H, Hd), 4.38 (q, 
J = 7.1 Hz, 4H, Hb), 1.36 (t, J = 7.1 Hz, 6H, Ha); 
13
C NMR (101 MHz, CDCl3) δ 162.9, 











 A mixture of diester 50 (10.5 g, 39.3 mmol), 10% 
palladium on carbon (830 mg) and EtOH (250 mL) was stirred under an atmosphere of 
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hydrogen (1 atm) at rt for 6 hours. The mixture was filtered through a pad of Celite® 
washing through with MeOH and concentrated in vacuo to give aniline 51 as colourless 
crystals (8.90g, 87% yield). Melting point: 40-41 °C; 
1
H NMR (400 MHz, CDCl3) δ 8.23 
– 8.06 (m, 4H, Hc, He), 6.54 (t, J = 7.8 Hz, 1H, Hd), 4.33 (q, J = 7.1 Hz, 4H, Hb), 1.38 (t, 
J = 7.1 Hz, 6H, Ha); 
13
C NMR (101 MHz, CDCl3) δ 167.9, 153.4, 137.4, 113.6, 112.1, 
60.6, 14.4.  
 
2,6-Di(pentan-3-ol)aniline (52):102 Ethylmagnesium bromide (100 mL, 200 mmol, 2M in 
THF) was added dropwise to a solution of aniline 51 (5.93 g, 25.0 mmol) in anhydrous 
THF (110 mL) at 0 °C. The mixture was stirred at rt for 3 h and neutralised with 1M HCl 
(aq., very carefully). The mixture was diluted with 1M HCl (aq., up to 500 mL) and 
extracted with Et2O (2 × 500mL). The pH of the aqueous layer was adjusted to ~pH 9 
with 1M NaOH (~300 mL) and the aqueous layer was then extracted with Et2O (1 L). 
This organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo 
to give diol 52 as a clear oil (5.51 g, 83% yield). 
1
H NMR (400 MHz, CDCl3) δ 6.91 (d, J 
= 7.8 Hz, 2H, Hc), 6.56 (t, J = 7.8 Hz, 1H, Hd), 2.14 – 1.98 (m, 4H, Hb), 1.99 – 1.83 (m, 
4H, Hb), 0.85 (t, J = 7.4 Hz, 12H, Ha).; 
13
C NMR (101 MHz, CDCl3) δ 147.2, 128.1, 
127.1, 115.3, 80.2, 31.0, 8.5. 
 




 Diol 52 (5.51 g, 20.1 mmol) and p-TsOH (385 mg, 2.01 
mmol) were dissolved in anhydrous toluene (100 mL). The mixture was heated under 
reflux with Dean-Stark apparatus for 3 h. After cooling to room temperature, the reaction 
mixture was washed with saturated NaHCO3 (aq., 100 mL) and brine (100 mL) solutions. 
The aqueous layer was extracted with AcOEt (200 mL). The combined organic layers 
were dried over anhydrous MgSO4, filtered and concentrated in vacuo to give 
2,6-di(pent-2-en-3-yl)aniline (53) as a yellow oil which was taken forward without 
purification (4.28 g, impure). The oil was dissolved in EtOH (100 mL), added to 10% 
palladium on carbon (852 mg) and was stirred under an atmosphere of hydrogen (1 atm) 
at rt for 12 hours. The mixture was filtered through a pad of Celite® washing through 
with MeOH and concentrated in vacuo. The residue was purified by flash column 
chromatography using CH2Cl2 : Petrol (1 : 4) as an eluent to give aniline 33d as a 
colourless oil (3.43g, 59% yield over two steps). 
1
H NMR (400 MHz, CDCl3) δ 6.89 (d, J 
= 7.6 Hz, 2H, Hd), 6.81 – 6.71 (m, 1H, He), 3.62 (s, 2H, Hf), 2.55 – 2.42 (m, 2H, Hc), 
1.79 – 1.49 (m, 8H, Hb), 0.83 (t, J = 7.4 Hz, 12H, Ha); 
13
C NMR (101 MHz, CDCl3) δ 
142.7, 130.2, 124.0, 118.6, 42.5, 28.2, 12.2. 















 Glyoxal (1.00 mL, 9.09 mmol, 40% in 
water) was added to a solution of aniline 33d (3.43 g, 14.7 mmol) in MeOH (40 mL) 
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followed by addition of formic acid (86 µL, 2.28 mmol) at rt and was stirred for 4 h. The 
resulting precipitate was collected by filtration and the filtrate was concentrated in vacuo 
affording a brownish solid that was recrystallized from MeOH. Both solids were 
combined and dried under vacuum to give diimine 36d as a bright yellow powder (3.14 g, 
87% yield). Melting point: 66 - 67 °C; 
1
H NMR (400 MHz, CDCl3) δ 8.01 (s, 2H, Hf), 
7.18 – 7.09 (m, 2H, He), 7.09 – 7.03 (m, 4H, Hd), 2.56 – 2.44 (m, 4H, Hc), 1.72 – 1.46 
(m, 16H, Hb), 0.80 (t, J = 7.4 Hz, 24H, Ha); 
13
C NMR (101 MHz, CDCl3) δ 164.0, 151.1, 




 A solution of diimine 36d (3.74 g, 7.65 mmol) in anhydrous THF 
(300 mL) was treated with anhydrous ZnCl2 (1.04 g, 7.65 mmol) at 70 °C and stirred for 
5 min. Paraformaldehyde (241 mg, 8.02 mmol) was  subsequently added followed by the 
dropwise addition of anhydrous 4M HCl in dioxane (2.87 mL, 11.3 mmol). The reaction 
was stirred for 16 h at 70 °C and then concentrated in vacuo. The residue was dissolved in 
AcOEt (250 mL) and was washed with water (3 × 250 mL) and brine (250 mL). The 
combined aqueous phases were extracted with AcOEt (250 mL) and the organic phases 
were combined, dried over anhydrous MgSO4 and filtered. The solvent was partially 
concentrated in vacuo until precipitation commenced and the resulting suspension was 
diluted with pentane (75 mL) and placed in the freezer for 20 min. The solid was isolated 
by filtration and washed with pentane to afford IPent.HCl 34d as an off-white 
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microcrystalline powder (2.05 g, 50% yield). Melting point: >250 °C; 
1
H NMR (400 
MHz, CDCl3) δ 8.95 (s, 1H, Ha), 8.30 (d, J = 1.5 Hz, 2H, Hf), 7.60 (t, J = 7.8 Hz, 2H, 
He), 7.28 (d, J = 7.8 Hz, 4H, Hd), 2.02 – 1.87 (m, 4H, Hc), 1.84 – 1.52 (m, 16H, Hb), 
0.85 (t, J = 7.4 Hz, 12H, Ha), 0.78 (t, J = 7.4 Hz, 12H, Ha); 
13
C NMR (101 MHz, CDCl3) 




 In air, a 25 mL round bottomed flask was charged with PdCl2 (177 
mg, 1.0 mmol), IPent.HCl (34d, 590 mg, 1.1 mmol), K2CO3 (691 mg, 5.0 mmol) and a 
stirrer bar and flushed with nitrogen. 3-Chloropyridine (4.0 mL) was added and heated 
with vigorous stirring for 20 h at 80 °C. After cooling to rt, the reaction mixture was 
diluted with CH2Cl2 and passed through a short pad of silica gel covered with a pad of 
Celite® eluting with CH2Cl2 until the product was completely recovered and the solution 
concentrated in vacuo. To the residue was added n-hexane (50 mL) and removed in 
vacuo, this process was repeated three times. The crude was purified by flash column 
chromatography using CH2Cl2 : n-hexane (2 : 3) as an eluent, concentrated in vacuo, n-
hexane (50 mL) was added and removed in vacuo to give PEPPSI-IPent (35d) as a pale 
yellow powder (633 mg, 80% yield). Melting point: >250 °C; 
1
H NMR (400 MHz, 
CDCl3) δ 8.64 (d, J = 2.3 Hz, 1H, Hg), 8.59 – 8.47 (m, 1H, Hi), 7.54 (ddd, J = 8.2, 2.3, 
1.3 Hz, 1H, Hj), 7.44 (t, J = 7.8 Hz, 2H, He), 7.24 (d, J = 7.8 Hz, 4H, Hd), 7.11 – 6.99 
(m, 3H, Hf, Hh), 2.87 – 2.68 (m, 4H, Hc), 2.22 – 2.02 (m, 4H, Hb), 1.98 – 1.75 (m, 4H, 
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Hb), 1.62 – 1.43 (m, 8H, Hb), 1.12 (t, J = 7.3 Hz, 12H, Ha), 0.79 (t, J = 7.5 Hz, 12H, Ha); 
13
C NMR (101 MHz, CDCl3) δ 152.4, 150.6, 149.6, 144.7, 137.4, 136.7, 132.0, 129.3, 
125.5, 125.4, 124.4, 41.3, 28.9, 27.4, 13.0, 11.3. 
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6.4 Chapter 4 Experimental 










prepared according to reported procedures. The synthesis of PEPPSI-IPent was described 
previously. To facilitate the analysis of the outcome of cross coupling reactions the major 
product was isolated to confirm its identity and to verify the peaks of interest in the crude 




































 matched those of reported literature. 
6.4.2 General Procedures 
Preparation of ZnCl2 (1M in THF): A flask equipped with a Young’s tap was charged 
with ZnCl2 (35.2 g, 251 mmol) and the solid dried under high vacuum at 160 °C for 16 h. 
The flask was cooled to rt and filled with N2. THF (251 mL) was added and the mixture 
stirred for 24 h at rt until all solid had fully dissolved. 
General procedure for Kumada couplings:
76
 A CEM microwave vial was charged with 
PEPPSI-IPent (4.0 mg, 5.0 µmol), and, if solid at rt, the aryl halide (0.25 mmol). The vial 
was sealed, flushed with N2, THF (0.88 mL) was added and the solution was stirred at 50 
°C. If the aryl halide was a liquid at rt, it was added immediately after the addition of 
THF. PhMgBr (1.0 M in THF, 0.25 mL, 0.25 mmol) was added and the resultant solution 
was stirred for 3 h at 50 °C.  Mesitylene was added as an internal standard (0.50 M in 
CDCl3, 0.50 mL, 0.25 mmol), and the crude reaction mixture was analysed by GC-MS 
and 
1
H NMR.  
General procedure for Suzuki couplings:
91
 A CEM microwave vial was charged with 
PEPPSI-IPent (4.0 mg, 5.0 µmol), K2CO3 (105 mg, 0.75 mmol), PhB(OH)2 (30 mg, 0.25 
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mmol) and, if solid at rt, the aryl halide (0.25 mmol). The vial was sealed, flushed with 
N2, 1,4-dioxane (1.0 mL) was added and the resultant mixture was stirred at 60 °C for 12 
h. If the aryl halide was a liquid at rt, it was added immediately after the addition of 1,4-
dioxane. Mesitylene was added as an internal standard (0.50 M in CDCl3, 0.50 mL, 0.25 
mmol), and the crude reaction mixture was analysed by GC-MS and 
1
H NMR. 




 ZnCl2 (1.0 M in THF, 2.0 mL, 2.0 
mmol) and PhMgBr (1.0 M in THF, 2.0 mL, 2.0 mmol) were stirred vigorously under N2 
at rt for 30 min. NMP (4.0 mL) was added to the mixture and the resulting PhZnCl (1.0 
mL, 0.25 mmol) was added by syringe to a CEM vial charged with PEPPSI-IPent (4.0 
mg, 5.0 µmol), and the aryl halide (0.25 mmol) in NMP (0.50 mL). The reaction mixture 
was stirred at 30 °C for 2 h. Mesitylene was added as an internal standard (0.50 M in 
CDCl3, 0.50 mL, 0.25 mmol), and the crude reaction mixture was analysed by GC-MS 
and 
1
H NMR.  
6.4.3 Synthesis of Starting Materials 
4-(3,5-dichlorophenyl)morpholine (68g):  
  
A CEM vial was charged with Pd2dba3 (46 mg, 100 µmol), BINAP (93 mg, 150 µmol), 
NaO
t
Bu (231 mg, 2.4 mmol) and 1-bromo-3,5-dichlorobenzene (452 mg, 2.0 mmol). The 
vial was sealed and purged with N2 before the addition of PhMe (5.0 mL) and morpholine 
(173 µL, 2.0 mmol). The mixture was stirred at 80 °C for 16 h. The reaction mixture was 
diluted with Et2O (10 mL), filtered through a pad of Celite and concentrated in vacuo. 
Page | 156  
 
Chromatography (CH2Cl2) gave 68g as a white solid (334 mg, 72%): Melting point 67 - 
69 °C (lit.
137
 86 ºC); 
1
H NMR (400 MHz, CDCl3) δ 6.83 (t, J  = 1.7, 1H) 6.73 (d, J  = 1.7, 
2H), 3.85 – 3.79 (m, 4H), 3.18 - 3.11  (m, 4H); 
13
C NMR (101 MHz, CDCl3) δ 152.8, 
135.7, 119.4, 113.7, 66.7, 48.5. 
2,7-Dichloro-9,9-dibutylfluorene (68y):  
 
A CEM vial was charged with 2,7-dichlorofluorene (235 mg, 2.0 mmol), 
n
Bu4NI (73 mg, 
200 µmol) and flushed with N2. NaOH (50% w/w, degassed, 20 mL) was added and the 
mixture stirred for 5 minutes at rt. 
n
BuBr (1.51 mL, 14.0 mmol) was added and the 
reaction mixture heated at 70 °C for 12 h. The reaction mixture was cooled to rt and 
extracted with CHCl3 (100 mL). The organic phase was washed with H2O (100 mL), 
dried over MgSO4, and concentrated in vacuo. Chromatography (9 : 1 petrol-CHCl3) gave 
68y as a white solid (336 mg, 97%): Melting point 110 - 111 °C; 
1
H NMR (400 MHz, 
CDCl3) δ 7.57 (dd, J  = 7.8, 0.6, 2H), 7.33 – 7.27 (m, 4H), 1.97 – 1.87 (m, 4H), 1.15 – 
1.03 (m, 4H), 0.69 (t, J  = 7.4, 6H), 0.63 – 0.52 (m, 4H); 
13
C NMR (101 MHz, CDCl3) δ 
152.5, 138.8, 133.3, 127.5, 123.4, 120.9, 55.7, 40.2, 26.0, 23.1, 13.9; LRMS (ESI) 346.3 
[M]
+
; HRMS (EI) 346.1256 [M]
+







2927, 2857, 1451, 1421, 1069, 807. 
  




To a mixture of 3,6-dichlorocarbazole (472 mg, 2.0 mmol), KO
t
Bu (270 mg, 2.4 mmol) 
and THF (10 mL) was added 
n
BuBr (260 µL, 2.0 mmol) and the resulting mixture was 
stirred at 60 °C for 4 h. H2O (50 mL) was added and the mixture extracted with CH2Cl2 
(50 mL). The organic phase was dried over MgSO4, and concentrated in vacuo. 
Chromatography (petrol  3 : 1 petrol-CH2Cl2) gave 68z as a white solid (519 mg, 89%): 
Melting point 68 – 70 °C; 
1
H NMR (400 MHz, CDCl3) δ 8.01 (d, J  = 2.0, 2H), 7.45 (dd, 
J  = 8.7, 2.0, 2H), 7.34 (d, J  = 8.7, 2H), 4.28 (t, J  = 7.2, 2H), 1.89 – 1.79 (m, 2H), 1.45 – 
1.33 (m, 2H), 0.97 (t, J  = 7.4, 3H); 
13
C NMR (101 MHz, CDCl3) δ 139.3, 126.5, 124.7, 
123.1, 120.3, 110.1, 43.3, 31.2, 20.6, 14.0; LRMS (ESI) 291.1; HRMS (EI) 291.0573 
[M]
+






) 2959, 2935, 2917, 2876, 2857, 
1473, 1439, 1076, 857, 794, 680. 
2,5-Dichloro-3,4-ethylenedioxythiophene, 68ac: 
 
3,4-Ethylenedioxythiophene (1.41 g, 10 mmol) was dissolved in THF (50 mL) and cooled 
to 0 °C. N-Chlorosuccinimide (2.94 g, 22 mmol) was added and the resultant mixture was 
stirred at rt for 48 h. Na2SO3 (1.0 g, 7.9 mmol) was added, the suspension filtered and the 
filtrate concentrated in vacuo. The residue was dissolved in CH2Cl2, filtered through a 
short plug of SiO2 to remove the dark blue colour and concentrated in vacuo. 
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Chromatography (petrol  4:1 petrol-CH2Cl2) gave 68ac as a white solid (1.21 g, 57%) 
which was stored under N2 at – 18 °C: Melting point 59 – 60 °C (lit.
138
 60 –62 ºC); 
1
H 
NMR (400 MHz, CDCl3) δ 4.26 (s, 4H); 
13
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6.4.4 Experimental Data 
Scheme 48 
3,5-Dichlorobenzonitrile 28f, PEPPSI-IPent 
 




 Negishi couplings employing 
3,5-dichlorobenzonitrile (43 mg, 0.25 mmol) a product mixture of 29f and 27f is obtained 
in a 24 : 76 ratio by GC-MS analysis and in a 19 : 81 ratio by 
1
H NMR analysis. 
1
H NMR 
analysis using mesitylene as internal standard indicated a 94% yield of 29f+27f based on 
n-BuZnBr. Product 
1






BG530 3,5CL CN IPENT BUZNBR.ESP
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1,3-Dichlorobenzene 28a, PEPPSI-IPent 
 




Negishi couplings employing 
1,3-dichlorobenzene (29 µL, 0.25 mmol) a product mixture of 29a and 27a is obtained in 
a 15 : 85 ratio by GC-MS analysis and in a 25 : 75 ratio by 
1
H NMR analysis. 
1
H NMR 
analysis using mesitylene as internal standard indicated a 98% yield of 29a+27a based on 
n-BuZnBr. Product 
1
H NMR signals in the crude were assigned by analogy with 1-chloro-
3-di(n-butyl)benzene 29a
109
 and 1,3-di(n-butyl)benzene 27a.
109
  
BG561 1,3CL IPENT BUZNBR.ESP











Using the general procedure for Kumada couplings employing PEPPSI-IMes (3.0 mg, 
5.0 µmol) in place of PEPPSI-IPent a product mixture of 69a and 70a is obtained in a 
>99 : <1 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as internal 
standard indicated a 16% yield of 69a+70a based on PhMgBr. The remaining reaction 
mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in vacuo. 
Automated flash chromatography (petrol raising to 1 : 9 CH2Cl2 : petrol) gave an 
analytical sample of major product 4-chloro-biphenyl 69a as a white solid: Melting point 




H NMR (400 MHz, CDCl3) δ 7.59 – 7.49 (m, 4H), 7.48 – 7.39 
(m, 4H), 7.39 – 7.33 (m, 1H).
 13
C NMR (101 MHz, CDCl3) δ 140.2, 139.8, 133.5 129.1, 
129.0, 128.5, 127.7, 127.1. 
PEPPSI-IEt: 
 
Using the general procedure for Kumada couplings, employing PEPPSI-IEt (3.1 mg, 
5.0 µmol) in place of PEPPSI-IPent, a product mixture of 69a and 70a is obtained in a 
70 : 30 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as internal standard 
indicated a 50% yield of 69a+70a based on PhMgBr. 
  




Using the general procedure for Kumada couplings, employing PEPPSI-IPr (3.4 mg, 
5.0 µmol) in place of PEPPSI-IPent, a product mixture of 69a and 70a is obtained in a 
45 : 55 ratio by GC-MS. 
1
H NMR analysis using mesitylene as internal standard indicated 
an 83% yield of 69a+70a based on PhMgBr. The remaining reaction mixture was diluted 
in CH2Cl2, filtered through a silica plug and reduced in vacuo. Automated flash 
chromatography (petrol raising to 1 : 9 CH2Cl2 : petrol) gave an analytical sample of 
major product p-terphenyl 70a as a white solid: Melting point 207 – 208 °C (lit.
140
 210 – 
211 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.69 (s, 4H), 7.65 (d, J = 7.3, 4H), 7.47 (t, J = 
7.6, 4H), 7.37 (t, J = 7.4, 2H); 
13




Using the general procedure for Kumada couplings a product mixture of 69a and 70a is 
obtained in a 6 : 94 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 96% yield of 69a+70a based on PhMgBr. 
  





Using the general procedure for Kumada couplings a product mixture of 69b and 70b is 
obtained in a 13  : 87 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated an 80% yield of 69b+70b based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 1 : 9 CH2Cl2 : petrol) gave an 
analytical sample of major product m-terphenyl 70b as a white solid: Melting point 86 - 
88 °C  (lit.
141
 84 - 85); 
1
H NMR (400 MHz, CDCl3) δ 7.82 (s, 1H), 7.65 (d, J = 7.4, 4H), 
7.59 (d, J = 7.5, 2H), 7.55 – 7.43 (m, 5H), 7.41 – 7.34 (m, 2H); 
13
C NMR (101 MHz, 
CDCl3) δ 142.0, 141.4, 129.3, 129.0, 127.6, 127.4, 126.3, 126.3. 
o-Terphenyl 70c: 
 
Using the general procedure for Kumada couplings a product mixture of 69c and 70c is 
obtained in a 84 : 16 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 66% yield of 69c+70c based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 1 : 9 CH2Cl2 : petrol) gave an 
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analytical sample of major product o-terphenyl 70c as a white solid: Melting point 55 – 
58 °C (lit.
140
 56 – 57 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.47 – 7.40 (m, 4H), 7.25 – 7.12 
(m, 10H); 
13




Using the general procedure for Kumada couplings a product mixture of 69d and 70d is 
obtained in a 3 : 97 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 91% yield of 69d+70d based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 1 : 9 CH2Cl2 : petrol) gave an 
analytical sample of major product 1-fluoro-3,5-diphenylbenzene 70d as a white solid: 
Melting point 70 – 71 °C; 
1
H NMR (400 MHz, CDCl3) δ 7.66 – 7.58 (m, 5H), 7.51 – 7.45 
(m, 4H), 7.43 – 7.37 (m, 2H), 7.31 – 7.26 (m, 2H); 
13
C NMR (101 MHz, CDCl3) δ 163.7 
(d, J = 245.3 Hz), 144.0 (d, J = 8.3 Hz), 140.2 (d, J = 2.3 Hz), 129.1, 128.1, 127.3, 121.9 




) 3064, 3037, 
2925, 1594, 1575, 1408, 1336, 1165, 866, 756, 695, 689. 
1,3-Diphenyl-5-trifluoromethylbenzene 70e: 
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Using the general procedure for Kumada couplings a product mixture of 69e and 70e is 
obtained in a 5 : 95 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 94% yield of 69e+70e based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol) gave an analytical sample of major 
product 1,3-diphenyl-5-trifluoromethylbenzene 70e as a white solid: Melting point 75 - 
76 °C; 
1
H NMR (400 MHz, CDCl3) δ 8.02 – 7.98 (m, 1H), 7.88 – 7.83 (m, 2H), 7.72 
- 7.66 (m, 4H), 7.56 – 7.50 (m, 4H), 7.49 - 7.43 (m, 2H); 
13
C NMR (101 MHz, CDCl3) 
δ 142.8, 140.0, 131.9 (q, J = 32.1 Hz), 129.4, 129.2, 128.3, 127.5, 124.4 (q, 
J = 272.7 Hz), 122.9 (q, J = 3.7 Hz); LRMS (ESI) 298.2 [M
+
]; HRMS (EI) 298.0965 [M]
+
 




) 3036, 1363, 1264, 1167, 1110, 758, 694. 
3,5-Diphenyltoluene 70f: 
 
Using the general procedure for Kumada couplings a product mixture of 69f and 70f is 
obtained in a 2 : 98 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 84% yield of 69h+70h based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 1 : 9 CH2Cl2 : petrol) gave an 
analytical sample of major product 3,5-diphenyltoluene 70f as a white solid: Melting 
point 137 - 140 °C (lit.
142
 135 – 138 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.67 (m, 5H), 
7.48 (t, J = 7.6, 4H), 7.43 (d, J = 0.7, 2H), 7.41 - 7.36 (m, 2H), 2.52 (s, 3H); 
13
C NMR 
(101 MHz, CDCl3) δ 142.0, 141.5, 138.9, 128.9, 127.5, 127.4, 127.1, 123.6, 21.8.  




Using the general procedure for Kumada couplings a product mixture of 69g and 70g is 
obtained in a <1 : >99 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 71% yield of 69g+70g based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (1 : 9 petrol : CH2Cl2 raising to CH2Cl2) gave an 
analytical sample of major product 1-morpholino-3,5-diphenylbenzene 70g as a white 
solid: Melting point 100 - 102 °C; 
1
H NMR (400 MHz, CDCl3) δ 7.63 (dq, J  = 2.6, 1.7, 
4H), 7.48 – 7.42 (m, 4H), 7.40 – 7.34 (m, 2H), 7.32 (t, J  = 1.5, 1H), 7.11 (d, J  = 1.5, 
2H), 3.94 – 3.88 (m, 4H), 3.33 – 3.27 (m, 4H); 
13
C NMR (101 MHz, CDCl3) δ 143.0, 
141.9, 128.9, 127.6, 127.5, 118.7, 114.0, 67.1, 49.8; LRMS (ESI) 315.3 [M]
+
; HRMS (EI) 
315.1617 [M]
+




) 2967, 2849, 1592, 1419, 
1448, 118, 955, 753, 695. 
3,5-Diphenylanisole 70h: 
 
Using the general procedure for Kumada couplings a product mixture of 69h and 70h is 
obtained in a <1: >99 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
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internal standard indicated a 82% yield of 69h+70h based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 3 : 7 CH2Cl2 : petrol) gave an 
analytical sample of major product 3,5-diphenylanisole 70h as a white solid: Melting 
point 91 - 93 °C (lit.
127
 91 – 92 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.69 – 7.62 (m, 4H), 
7.51 – 7.43 (m, 4H), 7.43 – 7.35 (m, 3H), 7.15 – 7.10 (m, 2H), 3.93 (s, 3H); 
13
C NMR 




Using the general procedure for Kumada couplings a product mixture of 69i and 70i is 
obtained in a 8 : 92 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 85% yield of 69i+70i based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 3 : 7 CH2Cl2 : petrol) gave an 
analytical sample of major product 2,6-diphenylanisole 70i as a colourless oil: 
1
H NMR 
(400 MHz, CDCl3) δ 7.65 – 7.60 (m, 4H), 7.48 – 7.41 (m, 4H), 7.40 – 7.33 (m, 4H), 7.26 
– 7.22 (m, 1H), 3.18 (s, 3H); 
13
C NMR (101 MHz, CDCl3) δ 155.1, 138.9, 135.9, 130.5, 
129.5, 128.3, 127.3, 124.4, 60.6; LRMS (ESI) 260.2 [M
+
]; HRMS (EI) 260.1198 [M]
+
 




) 3060, 3025, 2929, 1462, 1407, 1226, 1005, 
749, 697. 
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3,4-Diphenylanisole 70j : 
 
Using the general procedure for Kumada couplings a product mixture of 69j or 69j’ and 
70j is obtained in a 12 : 0 : 88 ratio by GC-MS analysis. 
1
H NMR analysis using 
mesitylene as internal standard indicated an 81% yield of 69j+70j based on PhMgBr. The 
remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol raising to 3 : 7 CH2Cl2 : 
petrol) gave an analytical sample of major product 3,4-diphenylanisole 70j as a white 
solid: Melting point 116-117 °C (lit.
128
 113 – 115 °C);
 1
H NMR (400 MHz, CDCl3) δ 7.39 
– 7.34 (m, 1H), 7.26 – 7.13 (m, 8H), 7.13 – 7.08 (m, 2H), 7.00 – 6.96 (m, 2H), 3.89 (s, 
3H); 
13
C NMR (101 MHz, CDCl3) δ 158.9, 141.8, 141.5, 141.2, 133.3, 131.7, 130.0, 
129.8, 127.9, 127.8, 126.6, 126.1, 115.9, 113.1, 55.4. 
2,4-Diphenylanisole 70k: 
PEPPSI-IPent (2 mol%)
THF, 3 h, 50 oC
MgBr
















Using the general procedure for Kumada couplings a product mixture of 69k, 69k’ and 
70k is obtained in a 29 : 1 : 70 ratio by GC-MS analysis. 
1
H NMR analysis using 
mesitylene as internal standard indicated a 94% yield of 69k+69k`+70k based on 
PhMgBr. The remaining reaction mixture was diluted in CH2Cl2, filtered through a silica 
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plug and reduced in vacuo. Automated flash chromatography (petrol raising to 3 : 7 
CH2Cl2 : petrol) gave an analytical sample of major product 2,4-diphenylanisole 70k as a 
white solid: Melting point 99 - 100 °C (lit.
143
 93 – 94 °C); 
1
H NMR (400 MHz, CDCl3) δ 
7.63 – 7.54 (m, 6H), 7.46 – 7.40 (m , 4H), 7.38 – 7.29 (m, 2H), 7.10 – 7.04 (m, 1H), 3.86 
(s, 3H); 
13
C NMR (101 MHz, CDCl3) δ 156.2, 140.9, 138.6, 134.1, 131.2, 129.9, 129.7, 
128.9, 128.2, 127.2, 127.2, 126.9, 126.9, 111.7, 55.9. 
2,5-Diphenylanisole 70l: 
 
Using the general procedure for Kumada couplings a product mixture of 69l, 69l’ and 70l 
is obtained in a 21 : 0 : 79 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene 
as internal standard indicated a 99% yield of 69l+70l based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 3 : 7 CH2Cl2 : petrol) gave an 
analytical sample of major product 2,5-diphenylanisole 70l as a white solid: Melting point 
96  - 100 °C; 
1
H NMR (400 MHz, CDCl3) δ 7.70 – 7.64 (m, 2H), 7.63 – 7.58 (m, 2H), 
7.52 – 7.33 (m, 7H), 7.31 – 7.27 (m, 1H), 7.22 (d, J  = 1.5, 1H), 3.90 (s, 3H); 
13
C NMR 
(101 MHz, CDCl3) δ 156.9, 142.1, 141.2, 138.4, 131.3, 129.9, 129.7, 128.9, 128.2, 127.6, 
127.3, 127.1, 119.9, 110.4, 55.8.; LRMS (ESI) 260.2 [M]
+
; HRMS (EI) 260.1200 [M]
+
 




) 3033, 2956, 2932, 1215, 753, 694. 
2,3-Diphenylanisole 70m: 
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Using the general procedure for Kumada couplings a product mixture of 69m, 69m` and 
70m is obtained in a 70 : 0 : 30 ratio by GC-MS analysis. 
1
H NMR analysis using 
mesitylene as internal standard indicated an 85% yield of 69m+70m based on PhMgBr. 
The remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol raising to 3 : 7 CH2Cl2 : 
petrol) gave analytical samples of 2-chloro-3-phenylanisole 69m and 2,3-diphenylanisole 
70m. 69m (colourless oil): 
1
H NMR (600 MHz, CDCl3) δ 7.45 – 7.42 (m, 4H), 7.41 – 
7.36 (m, 1H), 7.30 – 7.26 (m, 1H), 6.97 – 6.94 (m, 2H), 3.96 (s, 3H); 
13
C NMR (101 
MHz, CDCl3) δ 155.6, 142.4, 139.6, 129.6, 128.1, 127.7, 127.1, 123.4, 121.3, 110.9, 56.5; 
LRMS (ESI) 218.3 [M]
+
; HRMS (APCI) 219.0571 [M+H]
+







) 3060, 2939, 2839, 1568, 1465, 1422, 1262, 1218, 757, 698. 




H NMR (400 MHz, CDCl3) δ 7.39 (t, J = 
8.0 Hz, 1H), 7.24 – 7.03 (m, 11H), 7.01 (dd, J = 8.3, 0.8 Hz, 1H), 3.79 (s, 3H); 
13
C NMR 
(101 MHz, CDCl3) δ 157.1, 143.0, 141.6, 137.0, 131.4, 130.0, 129.9, 128.4, 127.7, 127.5, 
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Using the general procedure for Kumada couplings a product mixture of 69n, 69n` and 
70n is obtained in a 2 : 5 : 93 ratio by GC-MS. 
1
H NMR analysis using mesitylene as 
internal standard indicated an 75% yield of 69n+69n`+70n based on PhMgBr. The 
remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol raising to 4 : 6 CH2Cl2 : 
petrol) gave an analytical sample of major product 1,3,5-triphenylbenzene 70n as a white 
solid: Melting point 172 °C (lit.
130
 173 – 174 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.79 (s, 
3H), 7.74 – 7.68 (m, 6H), 7.52 – 7.45 (m, 6H), 7.43 – 7.36 (m, 3H); 
13
C NMR (101 MHz, 
CDCl3) δ 142.5, 141.3, 129.0, 127.7, 127.5, 125.3. 
1,2,4,5-tetraphenylbenzene 70o: 
 
Using the general procedure for Kumada couplings a product mixture of mono, di and tri-
coupled products and 70o is obtained in a 19 : 1 : 2 : 78 ratio by GC-MS analysis. 
1
H 
NMR analysis using mesitylene as internal standard indicated a combined 49% yield 
based on PhMgBr. The remaining reaction mixture was diluted in CH2Cl2, filtered 
through a silica plug and reduced in vacuo. Automated flash chromatography (petrol 
raising to 6 : 4 CH2Cl2 : petrol) gave an analytical sample of major product 1,2,4,5-
tetraphenylbenzene 70o as a white solid:  Melting point >250 °C (lit.
144
 274 – 275 °C);
 
1
H NMR (400 MHz, CDCl3) δ 7.53 (s, 2H), 7.25 – 7.21 (m, 20H); 
13
C NMR (101 MHz, 
CDCl3) δ 141.1, 139.8, 133.1, 130.1, 128.1, 126.8. 
 
 






Using the general procedure for Kumada couplings a product mixture of mono, di and tri 
and tetra-coupled products were obtained by GC-MS analysis. An accurate ratio of 





Using the general procedure for Kumada couplings a product mixture of 69q and 70q is 
obtained in a 11 : 89 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 92% yield of 69q+70q based on 4-MePhMgBr. The 
remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol raising to 2 : 8 CH2Cl2 : 
petrol) gave an analytical sample of major product 1,4-di(p-tolyl)benzene 70q as a white 
solid: Melting point >250 °C (lit.
146
 249 – 250 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.57 (s, 
4H), 7.49 – 7.44 (m, 4H), 7.22 – 7.17 (m, 4H), 2.33 (s, 6H); 
13
C NMR (101 MHz, CDCl3) 
δ 139.9, 138.1, 137.2, 129.7, 127.4, 127.0, 21.3. 
  




Using the general procedure for Kumada couplings a product mixture of 69r and 70r is 
obtained in a 10 : 90 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 72% yield of 69r+70r based on 4-MeOPhMgBr. The 
remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol raising to 7 : 3 CH2Cl2 : 
petrol) gave an analytical sample of major product 1,4-di(p-anisole)benzene 70r as a 
white solid: Melting point >250 °C (lit.
147
 270 – 271 °C); 
1
H NMR (400 MHz, CDCl3) δ 
7.61 (s, 4H), 7.60 – 7.55 (m, 4H), 7.02 – 6.97 (m, 4H), 3.86 (s, 6H); 
13
C NMR (101 MHz, 
CDCl3) δ 159.3, 139.3, 133.5, 128.2, 127.2, 114.4, 55.5. 
4,4''-Difluoro-p-terphenyl 70s: 
 
Using the general procedure for Kumada couplings a product mixture of 69r and 70r is 
obtained in a 4 : 96 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 93% yield of 69s+70s based on 4-FPhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 4 : 6 CH2Cl2 : petrol) gave an 
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analytical sample of major product 4,4''-difluoro-p-terphenyl 70s as a white solid: Melting 
point 224 - 226 °C (lit.
148
 219 – 222 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.63 – 7.56 (m, 
8H), 7.19 – 7.11 (m, 4H); 
13
C NMR (101 MHz, CDCl3) δ 162.7 (d, J = 246.7 Hz), 139.3, 




Using the general procedure for Kumada couplings a product mixture of 69t and 70t is 
obtained in a 81 : 19 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 92% yield of 69t+70t based on 2-thienylMgBr. The 
remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol) gave an analytical sample of 
major product 1-chloro-4-thienylbenzene 69t as a white solid: Melting point 71 – 72 °C 
(lit.
149
 71 - 73 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.57 – 7.50 (m, 2H), 7.38 – 7.31 (m, 
2H), 7.31 – 7.27 (m, 2H), 7.08 (dd, J = 4.9, 3.8 , 1H); 
13
C NMR (101 MHz, CDCl3) δ 
143.3, 133.4, 133.1, 129.2, 128.3, 127.3, 125.3, 123.6. 
3,5-Dithienylanisole 70u: 
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Using the general procedure for Kumada couplings a product mixture of 69u and 70u is 
obtained in a 2 : 98 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 77% yield of 69u+70u based on 2-thienylMgBr. The 
remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol raising to 1 : 1 CH2Cl2 : 
petrol) gave an analytical sample of major product 3,5-dithienylanisole 70u as a pale blue 
oil:
 1
H NMR (400 MHz, CDCl3) δ 7.46 (t, J = 1.4, 1H), 7.36 (dd, J  = 3.6, 1.0, 2H), 7.31 
(dd, J  = 5.1, 1.0, 2H), 7.13 - 7.06 (m, 4H), 3.90 (s, 3H). 
13
C NMR (101 MHz, CDCl3) δ 
160.5, 144.0, 136.4, 128.1, 125.3, 123.8, 116.7, 110.9, 55.6; LRMS (ESI) 272.2 [M]
+
; 
HRMS (APCI) 273.0403 [M+H]
+





1587, 1222, 1170, 821, 694. 
Scheme 57 
p-Terphenyl 70a (Negishi coupling) 
 
Using the general procedure for Negishi couplings a product mixture of 69a and 70a is 
obtained in a 11 : 89 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated an 83% yield of 69a+70a based on PhZnCl. 
p-Terphenyl 70a (Suzuki coupling) 
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Using the general procedure for Negishi couplings a product mixture of 69a and 70a is 
obtained in a 3 : 97 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 




Using the general procedure for Kumada couplings a product mixture of 69v and 70v is 
obtained in a 3 : 97 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 90% yield of 69v+70v based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. The residue was recrystalized from EtOH to give an analytical sample of major 
product 1,4-dimethoxy-2,5-diphenylbenzene 70v as a white solid: Melting point 146 - 
148 °C (lit.
150
 149 – 150 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.62 – 7.57 (m, 4H), 7.48 – 
7.41 (m, 4H), 7.39 – 7.32 (m, 2H), 7.02 – 6.94 (m, 2H), 3.79 (s, 3H); 
13
C NMR (101 
MHz, CDCl3) δ 150.8, 138.5, 130.6, 129.6, 128.3, 127.3, 114.9, 56.6. 
1,4-Dimethoxy-2,5-dithienylbenzene 70w: 
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Using the general procedure for Kumada couplings a product mixture of 69w and 70w is 
obtained in a 10 : 90 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 83% yield of 69w+70w based on 2-thienylMgBr. The 
remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. The residue was recrystalized from EtOH to give an analytical sample 
of major product 1,4-Dimethoxy-2,5-dithienylbenzene 70v as a white solid: Melting point 
134 - 136 °C (lit.
136
 135 – 136 °C); 
1
H NMR (400 MHz, CDCl3) δ 7.54 (dd, J = 3.7, 1.2, 
2H), 7.35 (dd, J = 5.1, 1.1, 2H), 7.26 (s, 2H), 7.11 (dd, J = 5.1, 3.7, 2H), 3.95 (s, 6H); 
13
C 
NMR (101 MHz, CDCl3) δ 150.1, 139.2, 127.1, 125.9, 125.6, 123.2, 112.5, 56.6. 
2,7-Diphenylfluorene 70x: 
Using the general procedure for Kumada couplings a product mixture of 69x and 70x is 
obtained in a 8 : 92 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 68% yield of 69x+70x based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 1 : 1 CH2Cl2 : petrol) gave an 
analytical sample of major product 2,7-diphenylfluorene 70x as a white solid: Melting 
point >250 °C (lit.
151
 269 – 270 °C); 
1
H NMR (400 MHz, CDCl3) δ  7.91 – 7.83 (m, 2H), 
7.83 – 7.76 (m, 2H), 7.70 – 7.62 (m, 6H), 7.50 – 7.43 (m, 4H), 7.39 – 7.33 (m, 2H), 4.03 
(s, 2H); 
13
C NMR (101 MHz, CDCl3) δ 144.3, 141.6, 140.8, 140.1, 128.9, 127.3, 127.3, 
126.3, 124.0, 120.4, 37.2. 
  




Using the general procedure for Kumada couplings a product mixture of 69y and 70y is 
obtained in a 11 : 89 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 78% yield of 69y+70y based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 1 : 1 CH2Cl2 : petrol) gave an 
analytical sample of major product 2,7-Diphenyl-9,9-di(n-butyl)fluorene 70y as a white 
solid: Melting point 150-152 °C; 
1
H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 7.8, 2H), 
7.74 – 7.68 (m, 4H), 7.64 – 7.57 (m, 4H), 7.53 – 7.45 (m, 4H), 7.41 – 7.34 (m, 2H), 2.06 
(m, 4H), 1.18 – 1.05 (m, 4H), 0.79 – 0.66 (m, 10H); 
13
C NMR (101 MHz, CDCl3) δ 
151.8, 141.8, 140.2, 128.9, 127.3, 127.3, 126.2, 121.7, 120.1, 55.3, 40.4, 26.2, 23.2, 14.0; 
LRMS (ESI) 430 [M]
+
; HRMS (ACPI) 431.2731 [M+H]
+





) 2955, 2926, 2856, 2464, 822, 755, 695. 
3,6-Diphenyl-9-n-butylcarbazole 70z: 
 
Using the general procedure for Kumada couplings a product mixture of 69z and 70z is 
obtained in a 15 : 85 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated an 86% yield of 69z+70z based on PhMgBr. The remaining 
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reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to 1 : 1 CH2Cl2 : petrol) gave an 
analytical sample of major product 3,6-Diphenyl-9-n-butylcarbazole 70z as a white solid: 
Melting point 157 - 158 °C; 
1
H NMR (600 MHz, CDCl3) δ 8.36 (d, J  = 1.4, 2H), 7.75 – 
7.70 (m, 6H), 7.51 – 7.45 (m, 6H), 7.37 – 7.32 (m, 2H), 4.36 (t, J  = 7.2, 2H), 1.95 – 1.88 
(m, 2H), 1.49 – 1.41 (m, 2H), 0.98 (t, J  = 7.4, 3H); 
13
C NMR (151 MHz, CDCl3) δ 142.3, 
140.6, 132.6, 128.9, 127.4, 126.6, 125.5, 123.7, 119.1, 109.2, 43.3, 31.4, 20.8, 14.1; 
LRMS (ESI) 375 [M]
+
; HRMS (APCI) 376.2060 [M+H]
+





) 2956, 2927, 2871, 1600, 1475, 759, 696. 
Scheme 59 
2,7-Diphenylflurenone 70aa (Negishi coupling): 
 
Using the general procedure for sp
2
 Negishi couplings a product mixture of 69aa and 
70aa is obtained in a 57 : 43 ratio by GC-MS analysis. 
1
H NMR analysis using 
mesitylene as internal standard indicated a 54% yield of 69aa+70aa based on PhZnCl. 
The remaining reaction mixture was diluted in CH2Cl2, filtered through a silica plug and 
reduced in vacuo. Automated flash chromatography (petrol raising to CH2Cl2) gave an 
analytical sample of 2-chloro-7-phenylflurenone 69aa and further recrystallization from 
EtOH gave an analytical sample of 2,7-diphenylflurenone 70aa. 69aa (orange solid): 
Melting point 206 – 210 °C; 
1
H NMR (400 MHz, CDCl3) δ 7.91 (d, J  = 1.3, 1H), 7.74 
(dd, J  = 7.8, 1.8, 1H), 7.66 – 7.55 (m, 4H), 7.52 – 7.44 (m, 4H), 7.42 – 7.36 (m, 1H); 
13
C 
NMR (151 MHz, CDCl3) δ 192.6, 142.7, 142.6, 142.6, 139.8, 136.1, 135.2, 134.9, 134.5, 
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1599, 1451, 1184, 823, 763. 70z (orange solid): Melting point 214 - 216 °C; 
1
H NMR 
(400 MHz, CDCl3) δ 7.93 (d, J  = 1.3, 2H), 7.75 (dd, J  = 7.7, 1.7, 2H), 7.67 – 7.58 (m, 
6H), 7.51 – 7.43 (m, 4H), 7.43 – 7.36 (m, 2H); 
13
C NMR (101 MHz, CDCl3) δ 193.9, 
143.2, 142.4, 140.0, 135.4, 133.5, 129.1, 128.1, 127.0, 123.2, 120.9; LRMS (ESI) 332 
[M]
+
; HRMS (APCI) 333.1274 [M+H]
+





3029, 1713, 1607, 1444, 840, 758, 736, 696. 
2,7-Diphenylflurenone 70aa (Suzuki coupling): 
 
Using the general procedure for Suzuki couplings a product mixture of 69aa and 70aa is 
obtained in a 51 : 49 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 46% yield of 69aa+70aa based on PhB(OH)2.  
2,5-Diphenylthiophene 70ab (Kumada coupling): 
 
Using the general procedure for Kumada couplings a product mixture of 69ab and 70ab 
is obtained in a 85 : 15 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 62% yield of 69ab+70ab based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. The residue was recrystalized from EtOH to give an analytical sample of major 
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product 69ab as a white solid: Melting point 64 - 66 °C; 
1
H NMR (400 MHz, CDCl3) δ 
7.53 – 7.48 (m, 2H), 7.41 – 7.34 (m, 2H), 7.33 – 7.27 (m, 1H), 7.07 (d, J  = 3.9, 1H), 6.89 
(d, J  = 3.9, 1H); 
13
C NMR (101 MHz, CDCl3) δ 143.1, 134.0, 129.3, 129.2, 128.0, 127.2, 
125.7, 122.4; LRMS (ESI) 194.3 [M]
+
; HRMS (APCI) 195.0029 [M+H]
+







) 2952, 2918, 2847, 1448, 794, 147, 684. 
2,5-Diphenylthiophene 70ab (Negishi coupling): 
 
Using the general procedure for sp
2
 Negishi couplings a product mixture of 69ab and 
70ab is obtained in a 97 : 3 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene 
as internal standard indicated a 60% yield of 69ab+70ab based on PhZnCl.  
2,5-Diphenyl-3,4-ethylenedioxythiophene 70ac: 
 
Using the general procedure for Kumada couplings a product mixture of 69ac and 70ac is 
obtained in an 81 : 19 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated an 86% yield of 69ac+70ac based on PhMgBr. The remaining 
reaction mixture was diluted in CH2Cl2, filtered through a silica plug and reduced in 
vacuo. Automated flash chromatography (petrol raising to CH2Cl2) gave an analytical 
sample of 2,5-Diphenyl-3,4-ethylenedioxythiophene 70ac as an off white solid. Melting 
point 105 - 106 °C (lit.
152
 103 – 104 °C); 
1
H NMR (CDCl3, 500 MHz) δ 7.80 (m, 4 H), 
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7.41 (m, 4 H), 7.25 (m, 2 H), 4.34 (s, 4 H); 
13
C NMR (CDCl3, 125 MHz) δ 138.8, 133.1, 
128.9, 126.7, 126.1, 115.6, 64.2 
 
Scheme 60 
1,4-Dimethoxy-2,5-diphenylbenzene 70v (Negishi coupling): 
 
Using the general procedure for sp
2
 Negishi couplings a product mixture of 69v and 70v 
is obtained in a 14 : 86 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 67% yield of 69v+70v based on PhZnCl. 
1,4-Dimethoxy-2,5-diphenylbenzene 70v (Suzuki coupling): 
 
Using the general procedure for Negishi couplings a product mixture of 69v and 70v is 
obtained in a 15 : 85 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 71% yield of 69v+70v based on PhB(OH)2. 
2,7-Diphenyl-9,9-di(n-butyl)fluorene 70y (Negishi coupling): 
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Using the general procedure for sp
2
 Negishi couplings a product mixture of 69y and 70y 
is obtained in a 9 : 91 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 79% yield of 69y+70y based on PhZnCl. 
2,7-Diphenyl-9,9-di(n-butyl)fluorene 70y (Suzuki coupling): 
 
Using the general procedure for Suzuki couplings a product mixture of 69y and 70y is 
obtained in a 22 : 78 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 44% yield of 69y+70y based on PhB(OH)2. 
3,6-Diphenyl-9-n-butylcarbazole 70z (Negishi coupling): 
 
Using the general procedure for sp
2
 Negishi couplings a product mixture of 69z and 70z 
is obtained in a 17 : 83 ratio by GC-MS analysis. 
1
H NMR analysis using mesitylene as 
internal standard indicated a 51% yield of 69z+70z based on PhZnCl. 
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6.4.5 Graphical NMR Data for all novel compounds 
1
H NMR (400 MHz, CDCl3, 300K) of 2,7-dichloro-9,9-di(n-butyl)fluorene 68y 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 3,6-dichloro-9-n-butylcarbazole 68z 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 1-fluoro-3,5-diphenylbenzene 70d 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 1,3-diphenyl-5-trifluoromethylbenzene 70e 
 
13
C NMR (100 MHz, CDCl3, 300K) of 1,3-diphenyl-5-trifluoromethylbenzene 70e 
 
CF3
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1
H NMR (400 MHz, CDCl3, 300K) of 1-morpholino-3,5-diphenylbenzene 70g 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 2,6-diphenylanisole 70i 
 
13




Page | 190  
 
1
H NMR (400 MHz, CDCl3, 300K) of 2,5-diphenylanisole 70l 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 2-chloro-3-methoxybiphenyl 69m 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 3,5-di(2-thienyl)anisole 70t 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 2,7-bis(phenylene)-9,9-dibutylfluorene70x 
 
13
C NMR (100 MHz, CDCl3, 300K) of 2,7-bis(phenylene)-9,9-dibutylfluorene 70x 
 
Bu Bu
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1
H NMR (400 MHz, CDCl3, 300K) of 2-chloro-7-phenylfluornone 69z 
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 2,7-diphenylfluornone 70z
 
13
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1
H NMR (400 MHz, CDCl3, 300K) of 2-chloro-5-phenylthiophene 70aa 
 
13
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6.5 Chapter 5 Experimental 
6.5.1 General Remarks 
Compounds 1,4-dibromo-2,5-dihexyloxybenzene 73, 1,bromo-2,5-dihexyloxybenzene 75, 




6.5.2. Coupling of PhMgBr and di bromide 76 mediated by PEPPSI precatalysts 
 
A CEM microwave vial was charged with the desired PEPPSI precatalyst (3.75 µmol) 
and 1,4-dibromo-2,5-bis(methoxy)benzene (76, 74 mg, 0.25 mmol). The vial was sealed, 
flushed with N2, THF (2.25 mL) was added and the solution was stirred at 30 °C. 
PhMgBr (1.0 M in THF, 0.25 mL, 0.25 mmol) was added and the resultant solution was 
stirred for 1.5 h at 30 °C.  Mesitylene was added as an internal standard (0.50 M in 
CDCl3, 0.50 mL, 0.25 mmol), and the crude reaction mixture was analyzed by GC-MS 
and 
1
H NMR.  
6.5.3 Kumada polymerization procedures 
6.5.3.1. Monomer synthesis procedures 
 




 1,4-dibromo-2,5-bis(hexyloxy)benzene (73, 1.025 g, 2.350 
mmol) was dissolved in THF (2.4 mL) in a CEM microwave vial with a stir bar under N2. 
Then, i-PrMgCl (1.82 M, 1.17 mL, 2.12 mmol) was added via syringe and was stirred for 
16 h at rt. 
Optimized procedure: Under N2, i-PrMgCl (1.77 M, 3.60 mL, 6.36 mmol) was added 
via syringe to 1,4-dibromo-2,5-bis(hexyloxy)benzene (73, 3.075 g, 7.05 mmol) in a CEM 
microwave vial with a stir bar and was stirrer for 16 h at rt. Then, THF (7.1 ml) was 
added via syringe and was stirred for 4 h at rt.  
6.5.3.2. Polymerization procedure 
88 
 
A CEM microwave vial was charged with PEPPSI-IPr (5.1 mg, 7.5 µmol), and a stir bar. 
The vial was sealed, flushed with N2, and THF (3.8 mL) was added. Monomer 74 (0.430 
M in THF, 1.16 mL, 0.5 mmol) was then added via syringe and stirred for 1.5 h at 30 °C. 
The reaction was quenched with aq. HCl (5.0 M, 10 mL), extracted with CH2Cl2 (3 x 10 
mL), dried over MgSO4, filtered, and the solvent was removed in vacuo. The resulting 
solid was washed with MeOH, and dried in vacuo. ~1 mg of the residue was dissolved in 
THF passed through 0.2 um PTFE filter prior to GPC analysis.  
If the whole polymerization was not quenched an aliquot (~0.25 mL) was quenched with 
aq. HCl (12 M, 1 mL), extracted with CH2Cl2 (3 x 1 mL) with gentle heating, dried over 
MgSO4, filtered, and the solvent was removed in vacuo. The residue was redissolved in 
THF and passed through 0.2 um PTFE filter for GPC analysis. 
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6.5.3 Kumada polymerization experiments 
6.5.3.1 Catalyst loading scan  
Using the McNeil conditions for monomer synthesis the amount of PEPPSI-IPr was 
varied keeping the monomer concentration constant. Monomer 74 was polymerized using 
the Kumada polymerization procedure. 
Catalyst loading Equiv. Monomer Mn / kDa PDI Mass Yield 
1.5% 67 28.4 1.18 101 mg 73% 
3.0% 34 13.3 1.13 101 mg 73% 
6.0% 17 5.5 1.12 102 mg 73% 
6.5.3.2 Polymerization of different monomer synthesis procedures 
Using the different conditions for monomer synthesis, monomer 74 was polymerized 
using the Kumada polymerization procedure. 
 
6.5.4.3 Addition of additives 
Using the optimized conditions for monomer synthesis an additional 33 equivalents of 
dibromide 73 or impurity 75 was added to the CEM microwave vial with PEPPSI-IPr 
before the addition of monomer 74. 









6.5.3.4 Polymerization of monomer 74 mediated by PEPPSI precatalysts 
Using the optimized conditions for monomer synthesis the PEPPSI precatalysts -IMes, 
-IEt, -IPr and -IPent were polymerized using the Kumada polymerization procedure. 
  
Entry PEPPSI- Mn / kDa PDI Yield 
1 IMes  39.9 1.80 95% 
2 IEt  40.8 1.28 96% 
3 IPr 37.7 1.10 95% 
4 IPent 20.2 1.08 59% 
11 11.5 12 12.5 13 13.5 14 14.5 15
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6.5.4.5 Block homo-polymerizations 
 
A CEM microwave vial was charged with PEPPSI-IPr (5.1 mg, 7.5 µmol), and a stir bar. 
The vial was sealed, flushed with N2, and THF (3.0 mL) was added. Monomer 74 (0.422 
M in THF, 0.675 mL, 0.285 mmol, 38 equiv.) was then added via syringe and stirred for 3 
h at 30 °C. After 3 h, an aliquot was withdrawn via syringe and immediately quenched 
with aq. HCl (12 M, 1 mL). Then, monomer 74 (0.422 M in THF, 0.675 mL, 0.285 mmol, 
38 equiv.) was then added via syringe and stirred for 1 h at 30 °C. After 1 h, an aliquot 
was withdrawn via syringe and immediately quenched with aq. HCl (12 M, 1 mL). Then, 
Monomer 74 (0.422 M in THF, 0.675 mL, 0.285 mmol, 38 equiv.) was then added via 
syringe and stirred for 1 h at 30 °C. After 1 h, an aliquot was withdrawn via syringe and 
immediately quenched with aq. HCl (12 M, 1 mL). Each aliquot was then extracted with 
CH2Cl2 (3 x 1 mL) with gentle heating, dried over MgSO4, filtered, and concentrated in 
vacuo. The residue was then dissolved in THF (~1.5 mL) with mild heating and passed 




Mn / kDa Mw/ kDa PDI 
IPr 1 38 17.1 18.5 1.09 
IPr 2 76 38.0 42.6 1.12 
IPr 3 114 57.6 70.9 1.23 
IPent 1 38 9.55 10.4 1.09 
IPent 2 76 21.0 22.7 1.08 
IPent 3 114 35.9 40.3 1.12 
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6.5.4 Suzuki polymerization procedures 
 
Suzuki polymerization 1: A CEM microwave vial was charged with PEPPSI-IPr (5.1 
mg, 7.5 µmol), K2CO3 (207 mg, 1.5 mmol), monomer 79 (200 mg, 0.50 mmol) and a stir 
bar. The vial was sealed, flushed with N2, and dioxane (5.0 mL) was added and stirred for 
6 h at 30 or 60°C. An aliquot (~0.25 mL) was quenched with aq. HCl (12 M, 1 mL), 
extracted with CH2Cl2 (3 x 1 mL) with mild heating, dried over MgSO4, filtered, and the 
solvent was removed in vacuo. The residue was redissolved in THF and passed through 
0.2 um PTFE filter for GPC analysis. 
10 12 14 16





11 12 13 14 15 16









Suzuki polymerization 2: A CEM microwave vial was charged with PEPPSI-IPr (5.1 
mg, 7.5 µmol), KOH (84 mg, 1.5 mmol), monomer 79 (200 mg, 0.50 mmol) and a stir 
bar. The vial was sealed, flushed with N2, and THF (5.0 mL) was added and stirred for 3 
h at 30 or 60°C. An aliquot (~0.25 mL) was quenched with aq. HCl (12 M, 1 mL), 
extracted with CH2Cl2 (3 x 1 mL) with mild heating, dried over MgSO4, filtered, and the 
solvent was removed in vacuo. The residue was redissolved in THF and passed through 
0.2 um PTFE filter for GPC analysis. 
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6.5.5 Negishi polymerization procedure 
 
Monomer formation: i-PrMgCl (1.17 mL, 2.12 mmol) was added via syringe to 
1,4-dibromo-2,5-bis(hexyloxy)benzene (73, 1.025 g, 2.35 mmol) in a CEM microwave 
vial with a stir bar and was stirrer for 16 h at rt. ZnCl2 (1 M in THF, 2.35 mL, 2.35 mmol) 
was added via syringe and was stirred for 4 h at rt. Then, NMP (3.5 mL) was added. 
General procedure for Negishi couplings: A CEM microwave vial was charged with 
PEPPSI-IPr (5.1 mg, 7.5 µmol), and a stir bar. The vial was sealed, flushed with N2, and 
THF (2.55 mL) was added. Monomer 80 (0.204 M in THF:NMP 1:1, 2.45 mL, 0.5 mmol, 
67 equiv.) was then added via syringe and stirred for 1.5 h at 30 °C. An aliquot (~0.25 
mL) was quenched with aq. HCl (12 M, 1 mL), extracted with CH2Cl2 (3 x 1 mL) with 
mild heating, dried over MgSO4, filtered, and the solvent was removed in vacuo. The 
residue was redissolved in THF and passed through 0.2 um PTFE filter for GPC analysis. 
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6.5.6 Synthesis of novel starting material 
 
To a solution of 4-bromo-2,5-bis(hexyloxy)phenylboronic acid (79, 4.0 g, 10.0 mmol) in 
acetonitrile (5.0 mL) was added CuCl (0.99 g, 10.0 mmol) and n-chlorosuccinimide (1.34 
g, 10.0 mmol). The reaction was heated at 80 °C for 24 h and then cooled to room 
temperature and diluted with Et2O. The organic layer was washed with aq. HCl (1 M), aq. 
NaOH (1 M), and brine. The organic layer was dried over MgSO4, filtered, and 
concentrated in vacuo. The crude product was purified by flash column chromatography 
using CH2Cl2 : petrol (1 : 1) as an eluent to give 
1-bromo-4-chloro-2,5-bis(hexyloxy)benzene (81) as a yellow solid (3.86 g, 78% yield). 
Melting point 39-41 °C; 
1
H NMR (600 MHz, CDCl3) δ 7.12 (s, 1H, Hh), 6.93 (s, 1H, Hg), 
3.95 (td, J = 6.5, 4.3 Hz, 4H, Hf,i), 1.86 – 1.75 (m, 4H, He,j), 1.55 – 1.42 (m, 4H, Hd.k), 
1.41 – 1.27 (m, 8H, Hb,m and Hc,l), 0.93 – 0.87 (m, 6H, Ha,n); 
13
C NMR (151 MHz, 
CDCl3) δ 150.0, 149.2, 122.5, 119.0, 115.8, 110.4, 70.4, 70.4, 31.6, 31.6, 29.3, 29.2, 25.8, 
25.7, 22.7, 14.16; HRMS (EI) 390.0947 [M]
+
 (calc. for C18H28BrClO2 390.0961 [M]
+
). 
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6.5.7 Chloride monomer polymerization procedure 
 
Monomer synthesis: i-PrMgCl (1.17 mL, 6.36 mmol) was added via syringe to 
1-bromo-4-chloro-2,5-bis(hexyloxy)benzene (81, 2.76 g, 7.05 mmol) in a CEM 
microwave vial with a stir bar and was stirrer for 16 h at rt. Then, THF (7.1 mL) was 
added via syringe and was stirred for 4 h at rt.  
Kumada polymerizations: A CEM microwave vial was charged with PEPPSI-IPr 
(6.8 mg, 10.0 µmol), and a stir bar. The vial was sealed, flushed with N2, and THF (3.8 
mL) was added. Monomer 82 (0.428 M in THF, 0.5 mmol, 67 equiv.) was then added via 
syringe and stirred for 1.5 h at 30 °C. An aliquot at either 1.5 h or 18 h (~0.25 mL) was 
quenched with aq. HCl (12 M, 1 mL), extracted with CH2Cl2 (3 x 1 mL) with mild 
heating, dried over MgSO4, filtered, and the solvent was removed in vacuo. The residue 
was redissolved in THF and passed through 0.2 um PTFE filter for GPC analysis. 
PEPPSI Time Mn / Da Mw/ Da PDI 
IMes 1.5 h 1102 1271 1.15 
IEt 1.5 h 1337 1810 1.35 
IPr 1.5 h 4721 8902 1.89 
IPr 18 h 4785 8608 1.80 
IPent 1.5 h 4651 7787 1.67 
IPent 18 h 4982 8822 1.77 
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